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I. INTRODUCTION 


A. DEFINITIONS 


In order to gain an understanding of solid state sensor 
operation and their capabilities, it is necessary to present 
a few definitions. Fommeeme pirpose of thisspaper, a solid 
State sensor may be regarded as a device that converts a 
physical quantity, or meaSurand, into an electrical signal 
@eesigniticant fidelity that is compatible with integrated 
Circuit technology and relies upon the principles of solid 
state physics for its operation. The measurand represents 
information about an aspect of the physical world which, for 
one reason or another, is the object of measurement. This 
information is carried by a Signal which is characterized as 
belonging to one of seven different forms of energy. These 
forms include mechanical, thermal, electrical, magnetic, 
optical, chemical, and nuclear energy. 

The process by which one form of energy 1S converted 
into another form of energy is known as transduction. Forts 
instance, a light emitting diode is a transducer which 
converts electrical energy to optical energy. Likewise, a 
photocell performs the inverse operation, and transduces 
optical energy to electrical energy. The process by which 
one form of energy is changed to a like form of energy is 
known as modification or Signal processing. An example of a 
mechanical to mechanical modifier would be the gear system 
Maethe transmission of an automobile. The energy form is 
not changed, but the mechanical angular velocity of the 
output is different from that of the input. Another example 
of a modifier is the operational amplifier, which may be 


regarded as an electrical to electrical modifier, or signal 


Wt 


processor. An electrical signal is applied to the t@nputeane 
a processed electrical signal is extracted at the output. 

In a solid state sensor, the conversion of a measurand 
into an electrical Signal takes place along a transduction 
path, which consists of one or more discrete transductionmeem 
modification steps. This transduction path approach eae 
central to the subject of this paper and will be addressed 
in detail in later chapterse The basic concepts of sensors 
are closely related to the topic of instrumentation which is 
discussed fully in xen 


B. TRADITIONAL SENSORS 


The development of science throughout history has been 
closely tied to man's ability to sense, or measure, the 
world around him. Man possesses five natural senses which 
enable him to detect physical phenomena, but only within set 
limits of perception and only in his presence. In time, a 
need developed for devices that would sense physical 
phenomena outside of man's natural limits or not in his 
presence. These devices are referred to as sensors or 
transducers, and represent a means by which man can expand 
his natural senses to perceive more of the physicalivcaam 
than would otherwise be possible. 

The generation of sensors and transducers that precedes 


solid state sensors may be referred to as the traditional 


generation of sensors. This generation is characterized by 
a physical ~seale~ jthatwas compatible with design and 
fabrication by the human _ hand and eye. While some 


automation is typically used in the fabrication of §smeg 
devices, the physical scale is usually compatible with some 
degree of hand assembly. Illustrative examples of the 
traditional generation of sensors include the mercury 


thermometer, aneroid barometer and pendulum clock. These 


We 


devices convert, or transduce, temperature, pressure, or 
time into a mechanical signal that man is capable of sensing 
and interpreting. This mechanical signal contains’ the 
information about the aspect of the physical world under 
measurement. 

The traditional sensors possess several disadvantages 
that make the next generation of sensors, solid state, very 
attractive. Chief among these disadvantages are size and 
cost. The part count of a traditional sensor tends to be 
comparatively high. This, coupled with a feature size 
compatible with the human hand and eye, resultS in a Sensor 
of considerable bulk and weight. FNUS@is partilewlarly true 
when a comparison is made with integrated circuit devices 
fabricated by photolithography with a feature size on the 
order of a few minbherons . The high part count and 
considerable reliance on hand assembly combine to make the 
traditional generation of Sensors expenSive. In the next 
section, we shall see how solid state sensors became 
necessary to alleviate some of these problems and make 


inexpensive sensing possible. 


eee SOLID STATE SENSORS 


Recent advances in the fabrication of integrated 
circuits have brought about a revolution in the field of 
information processing. Single chip microcomputers of 
considerable capability have appeared that are making the 
concept of component computers a reality. With the 
increased flexibility that this provides in the development 
of new and complex systems, electronics is infiltrating into 
more fields than ever before. But the increased capacity 
for information processing in turn gives rise to a need for 
increased input of data or information pertaining to’ the 


paysical world. inieene past, mich Of this information from 


irs 


the physical world has been detected by humans or machines 
and subsequently encoded into the processor as data. Be 
make efficient use of the Speed with which modern 
microcomputers operate, the data collection process likewise 
has to be fast and efficient. 

Solid state sensors represent a means by which data on 
physical phenomena may be rapidly collected and assimilated. 
They convert a measSurand into an electrical signal that can 
be subSequently changed into digital data through the 
process of analog to digital “conversmen, This data 
collection process can fall into two main categories. The 
first is that of the real time transducer which continuously 
monitors the measurand and provideS continuous data for 
processing. The Second is that of the non-real time 
transducer which is used primarily to determine the status 
of a particular measurand and may be activated only when a 
preset threshold is exceeded [Ref. 2]. 

Pe ve Mew Oasis the cost of computing power was_ so 
prohibitive that it precluded the use of microcomputers in 
many applications. However, batch fabrication techniques 
and advances in integrated circuit design have brought the 
cost of microprocessors and microcomputers down to a level 
where they have become economical as component computers. 
In many applications of microcomputers, it is found tha 
much of the cost resides in the peripheral devices rather 
than the processor itself. In the particular case of sensem 
input to a microcomputer, a need arose for inexpensive 
devices that would carry out the ~~ funcirons of data 
collection and dissemination. The problem reduced to one of 
efficiently merging the fields OE sensors and 
microprocessors. As it turned out, the silicon integrated 
circuit industry provided many of the techniques necessary 


to fabricate such devices. 
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The most common materials for the fabrication of solid 
state sensors are silicon, doped silicon, quartz, and 
@etical fibers. Solid state sensors constructed of silicon 
enjoy many of the advantages of batch fabrication techniques 
developed by the silicon integrated circuit industry. Much 
of the wealth of experience gained in processing silicon for 
integrated circuits has been useful in developing’ solid 
state sensors. In this respect, it can be said that silicon 
solid state sensor technology has developed on the coattails 
of integrated circuit technology. 

Like integrated circuits, the physical scale of solid 
state sensors is limited only by the resolution of the 
photolithography techniques employed. This represents a 
major improvement over the previous generation of sensors 
which is characterized by a physical scale compatible with 
hand assembly on a per-unit basis. 

The silicon used in the fabrication of sensors is a 
Single crystal which makes the sensor a monolithic device 
with practically no measurable hysteresis. Using silicon as 
a substrate material also opens the possibility of a sensor 
with onboard signal processing using integrated circuit 
technology. Carried to the extreme, this could mean the 
development of a smart sensor with its own dedicated 
microcomputer on board. One advantage of Such, an 
arrangement would be that inherently nonlinear transduction 
principles could be utilized without substantial penalty 
[Ref. 3]. Such an arrangement could also take advantage of 
the fact that silicon integrated circuits have a mean time 
Memmeearitire of 10** hours per gate which is 102 times better 
mfam that of discrete transistor circuits and 10° times 
better than that of vacuum tube circuits [Ref. 4]. malas 
coupled with the exceptional physical properties of single 
crystal silicon, makes possible a generation of sensors with 
onboard signal processing of much greater reliability than 


ewer betore. 


Ab. 


Other performance characteristics of sensors that sone 
be considered include accuracy, linearity of response, size, 
weight and dynamic range. Accuracy of solid state sensors 
is often superior to the traditional sensors owing to the 
Mack “of hysteresis in monolithie siliceme As noted before, 
a nonlinear characteristic can be negated as a drawback when 
proper signal processing is applied. Often, this also gives 
rise to an increased dynamic range when the Sensor is no 
longer restricted to the linear poreson of the 
characteristic curve. Solid state sensors enjoy a firm 
advantage over traditional sensors in the areas of size and 
weight since solid state sensors benefit from many of the 
advantages of modern photolithography techniques. 

The other mediums commonly used for solid state sensors 
share many of the same advantages as Silicon solid state 
sensors. However, the use of optical fiber as a sensing 
medium offers the option of a distributed sensing element of 
tremendous sensitivity. As the wavelength of light is so 
very short in comparison to many of the phenomena being 


measured, very high resolution is possible. 


D. APPLICATIONS 


As sensors truly represent a link between the worlds of 
applied physics and electronics, it is Jlikely Enat eae 


future will see the role of solid state sensors continuing 


to expand. One area in which solid state sensors have 
become very important is the field “es automotive 
electronics. Nearly all domestic cars being produced now 


contain at least one sensor under microprocessor control 
(Ref. 3]. One of the reasons the field of automotive 
electronics has grown so rapidly is that current technology 
has made such’ techniques economically feasible. The 


automotive engineer now has a whole new set of tools with 
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which he can work to improve engine efficiency and ensure 
compliance with emission standards. By monitoring such 
critical engine parameters as crankshaft angle position, 
manifold absolute pressure, manifold vacuum, ambient 
absolute pressure, air flow, oxygen partial pressure, fuel 
flow, coolant temperature, air temperature, and throttle 
Position, the automotive engineer can control engine 
performance as never before possible [Ref. 5]. Excellent 
Summaries of automotive engine control sensor technology are 
available in References 5-8. Also, it is interesting to 
note that Detroit uses more absolute pressure sensors in one 
year than had been produced everywhere for all purposes up 
to the year 1980 [Ref. 3]. 

Another area seeing important progress in implementation 
mrsolid state sensors is that of robotics. Many of the 


robotic arms that have been developed rely upon mechanical 


Tipidity for repeatability of movement. Construction 
techniques allowing precision movements Suelo ay Seagal (ole 
tolerances have been heavily relied upon. By employing 
sensor feedback with real-time microprocessor control 
Systems, it should be possible to utilize a comparatively 


Sloppy and loose manipulator for exacting applications. 
Additionally, robotic navigation and collision avoidance 
become possible when sensor feedback is introduced into the 
system. Much work is currently being carried out in this 
area. Useful background information on sensor based 
mebotics iS contained in [Ref. 9]. 


Other applications for solid state sensors include 


cameras, appliances, biomedical instruments, spacecrafts, 
weapons, ane Ppemw tution devices, weather monitoring 
equipment, and microprocessor-based control systems in 
industry. 
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ii. OBJEC SEs 


A. PROBLEM STATEMENT 


The field of “Sound State sensors encompasses a 
tremendously diverse body of knowledge. Principles from all 
of the known fields of science are employed in solid state 
Sensor design. On one Side of a solid state state sensor is 
the physical world. This physical world is the provincewae 
many Specialists, including chemists, physleistse and 
mechanical engineers, to name only a few. On the other side 
of a solid state sensor is the world of elect xyonmece This 
is the express province of the electrical engineer. Serving 
as a bridge between the world of pure physical science and 
the world of electronics is a hybrid field, that _ of tae 
Sensor and transducer engineer. 

Due to the extremely diverse nature of the field, a 
problem exists for the electrical engineer interested in 
solid state sensors. A method has been lacking by which the 
entire range of sensors, both actual and theoretical, may be 
Systematically described. Such a method would make it 
possible to examine the entire field in such a manner that 
it would be possible to determine where implementation has 
fallen short of theoretical, possibaiaes,- The method needs 
to be able to describe existing sensors as well as aid in 


the investigation of sensor configurations. 


B. CURRENT METHODS 


The first step towards such a work is’ an evaluation of 
the current state of the technology. In order to pertomm 
such an evaluation, it iS necessary to review the manner in 


which a transducer is currently described. 
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During the 1960's, a gpreat variety of traditional 
sensors and transducers became available in support of the 
Space program. A need developed for a standardized method 
of specifying sensors and transducers. Such a standard was 
developed under the auspices of the Instrument Society of 
America in 1969 and accepted as American National Standard, 
ANSI MC6.1-1975 in 1975 [Ref. 10]. The practices set forth 


by this standard specify that a sufficient description is 


given when the measurand, the transduction principle, the 
sensing element, the range, and any special features are 
Specified. 


The measurand represents that quantity which is intended 
to be measured. The transduction principle is the operating 
principle of the electrical portion of the transducer from 
which the output originates. The sensing element is that 
physical part of the transducer which directly responds to 
the input measurand. Examples of special features may 
include digital output and temperature compensation. The 
range is described by the upper and lower limits of the 


measurand between which the transducer is intended to 


operate. AS ebiseranlve example ,sasHall effect current 
sensor could be described as "Transducer, current, Hall 
effect, non-contact, O-1 Amp". [Ref. 10] 


Gee PROPOSED SOLUTION 


As seen above, the standard only specifies the last step 
of the transduction process, which converts the measurand to 
an electrical signal. However, many transducers are 
multistep devices which utilize more than a Single 
transduction or modification process. Nomaceounen for sth1.s:, 
and allow greater flexibility in describing sensors, a 
"transduction path" method of analysis is hypothesized. Bt 


is based on the idea that a senSor represents a transduction 


Le, 


path from a measurand to an electrical quantity. The 
Gransduction “path COnSITSES aoe one or more discrete 
transduction or modification cteps= The transduction path 


may be illustrated in graphical form through a transduwetaem 


path diagram". This diagram is capable of not (Gage 
describing the operation of existing sensors, but also may 
aid iO) the systematic investigation ois sensor 
GoOnrapurat Lone. 


Dee eh OCEDURE 


This paper proposes a "transduction path" method of 
analysis fot eas eld State sensors resulting wee the 
development of a “transduction path diagram’. This diagram 


is capable of illustrating the operation of an existing 
sensor as well as allowing the systematic investigation of 
Senso onr Tl etiira eas: Several phases were required in the 


development of this method. 


The first phase required the identification and 
categorization by energy form of sensor measurands. The 
results of this process are presented in Chapter III. The 
second phase required ‘the identification of known. 


transduction and modification principles drawn froma 
Pretds- Of Sevence. These are presented as fundamental 
building blocks Sort the transduction Dath and are 
cross-indexed by measurand in Chapter IV and Appendices I 
through QO. The third phase required the development of a 
structure which would systematically interconnect all of the 
trandsduction and modification principles identaemede The 
"transduction path diagram" described in Chapter (Vee 
proposed as such a structure. In order to testiiijasen 
information was collected on 108 classes of sensors from 
literature sources and commercial supplierss The 


transduction path of each sensor was then determined and 
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examined for compatibility with the transduction path 
diagram. Representative results are presented in Chapter \V. 
In the He Gut tenter al phase, sensor configurations were 
Systematically investigated uSing the transduction path 
method. Conclusions and an overview of the method are 


presented in Chapter VI. 
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III. MEASURANDS 


A. CLASSIFICATION OF MEASURANDS 


In order to adequately describe the various transduction 
and modification steps that may be utilized in transducers, 
it 1S necessary to identify the measurands involved. The 
measurand of a Sensor contains information about an aspect 
of the physical world that is the object of measurement. 
This information is carried by a Signal which is manifested 
as some form of energy. Seven forms of energy have been 
identified which are sufficient to describe the signals 
Dearing “AnfOrnataon about the measurand. These are 
mechanical, thermal, electrical, magnetic, optical 
chemical, and nuclear forms of energy. 

The electrical, magnetic, optical and nuclear forms of 
energy are all related by the laws of electromagnetic 
theory. Electrical and magnetic phenomena fall at the DC 
and low frequency end of the electromagnetic spectrum. 
Optical phenomena fall within a higher frequency range of 
the electromagnetic spectrum, ranging from infrared through 
WLherav1o Let Nuclear phenomena lie at the high end of the 
electromagnetic spectrum and represent the most energetic of 
the electromagnetic waves. Mechanical phenomena generally 
represent an ordered form of energy on a macroscopic scale, 
while thermal phenomena represent a disordered form of 
energy on a submicroscopic’ scale. Chemical phenomena rely 
upon the principles of interatomic bonding and sharing of 
electrons to explain their behavior. 

Common to all of these phenomena is the idea that a 
Signal containing information iS available in one of the 


seven forms of energy. For instance, pressure is a physical 
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quantity that commonly is the subject of measurement. ats 
may be repreSented as a time-varying Signal belonging to the 
mechanical form of energy. Likewise, light intensity is a 
physical quantity that may be represented as a time-varying 
Signal be longing to the optical form of energy. 

iaesphysteal qiantwseres aSsociated with the transduction 
and modification principles identified in the mext chapter 
are listed in Tables I through VIII. These particular 
physical quantities, or measurands, have been found to 
figure prominently in the sensors and transducers available 
today. In order to mathematically express these measurands, 
an international system (ST) of measurement was developed. 
The six basic units of the SI meaSurement system are length, 
mass, time, current, temperature, and luminous intensity. 
These baSic units have been adequately deScribed in the 
literature and are simply mentioned here. Furthermore, 
these six baSic units are sufficient to describe all of the 
measurands belonging to the seven forms of energy. Complete 
listings of physical quantities associated with each form of 
energy are attached as Appendices A through G. The 
particular physical quantities which serve as measurands for 
the transduction and modification principles are capitalized 
in these appendices. The non-capitalized entries are 


provided in the interest of completeness. 


1. Mechanical Measurands 
Identification of mechanical measurands may be 
guided by the following definitions. Mechanical energy is 
the sum of kinetic energy and potential energy. Kinetic 


energy is referred to as the energy of motion while 
potential energy 1S referred to as the energy of position. 
The process by which the kinetic or potential energy is 
changed is called work. Kinetic energy, potential energy, 


and work are all relevant to the physics of macroscopic 


ae 


mechanics. In general, a measSurand may be classified as a 
mechanical measurand if the physics of macroscopic mechanics 
apply. 

In many cases, it is possible to mathematically 
express one measurand in terms of a different, but related, 
measurand. For example, velocity is the first derivative of 
position and acceleration is the first derivative of 
velocity. 

The physical quantities serving as mechanical 
measurands for the transduction and modification principles 
of the next chapter are listed in Tables I and II. F oj 


complete listing, see Appendix A. 
2. Thermal Measurands 


The thermal measurands deal with a form of energy 
that is disordered, ‘Oretandomean paruuce. It is associated 
with the submicroscopic behavior of atoms and molecules of a 
system. The manner in which energy is transferred in 
thermal systems is known as heat, which is a form of wom 
The most commonly used meaSurand in the thermal domain is 
temperature. It is a meaSure of the random kinetic energy 
of the atoms and molecules in a system. In many cases, it 
is possible to mathematically express one measurand in terms 
of a different, but related, measurand. For example, the 
field of thermodynamics contains many equations pertaining 
to the transfer of thermal energy. 

The physweal quantities serving as thermal 
measurands for the transduction and modification principles 
of the next chapter are listed in Table III. For a complete 


listing, see Appendix B. 
3. Electrical Measurands 


The electrical measurands lie at the DC or ewer 


of the electromagnetic spectrum. The concepts of charge and 
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TABLE [I 


Mechanical Measurands I 


ACCELERATION 

ACOUSTIC ENERGY 

ACOUSTIC WAVE 
NGLE 


A 
ATTRACTION, MAGNETIC 
CONTRACTION, LATERAL 


DIAMETER, CONDUCTOR 
DIAMETER 

DIMENSION 

DIPOLE ALIGNMENT 
DIRECTION OF MOTION 
DISPLACEMENT 
ELASTIC PROPERTIES 
FLOW 


FLOW, FLUID 
FLOW RATE, MASS 


ACOUSTIC 
MECHANICAL 
RESONANT 


FLEXURAL 
vee TORSIONAL 
PRICTION, ELOUmD 
FRICTION, SOLID 
HARDNESS 


IMMERSION, PARTICLE 
INCLINATION 


LENGTH 
Jy) I SO) U/ALIP, 





charge carriers are closely related to most of the 
measurands associated with electricity. These measurands 
may describe the charge itself, or they may describe the 


external factors which determine the behavior of charge. 
Bor instance, the physical quantity of resistance affects 
the manner in which charge propagates through a material 
giving rise to current. Once again, he ioe POSS Dp lesro 
mathematically express many of the electrical measurands in 
terms of other electrical measurands. A particularly well 


known example of this is Ohm's Law. 
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TABLES £1 


Mechanical Measurands II 


MICROBENDS 

MOMENTUM, ANGULAR 
MOVEMENT, AIR 
MOVEMENT. POLAR FLUID 
PATH LENGTH DIFFERENCE 
POSITION 

POSITION, ANGULAR 
PRESSURE 

PRESSURE, SOUND 
PRESTRAIN 

PROXIMITY 

PROXIMITY, CONDUCTOR 
ROTATION 


SAW 
SEPARATED GASES 
SHAPE 


RAIN 
STRAIN, LOCALIZED 


SSS 
STRESS, LONGITUDINAL 
TENSION 

TENSION, SURFACE 
THICKNESS 

TOROUE 

ULTRASONIC 

VELOCITY 

VELOC LD 

VEROClius 

VELOCITY. 

VELOCE Ine 

VIBRATION 


VOLUME 
WAVELENGTH 





The  playsical quantities serving as electrical 
measurands for the transduction and modification principles 
of the next chapter are listed in Table IV. For a complete 


listing, see Appendix C. 


4. Magnetic Measurands 


The magnetic measurands, like the electrical 
measurands, lie at the DC or low end of the electromagnetic 
Spectrum. Magnetic phenomena, by definition, result from 
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TABLE WELT 


Thermal Measurands 


CONDUCTIVITY, THERMAL 
HEAT 


HEAT FLUX 

HEAT TRANSFER RATE 
POINT, BOLLING 

POINT, FREEZING 
TEMPERATURE 
TEMPERATURE CHANGE 
TEMPERATURE, COOLING 
TEMPERATURE DIFFERENCE 
TEMPERATURE GRADIENT 
TEMPERATURE, NOISE 





charge in motion. Electromagnetic theory is that body of 
knowledge which binds the electric and magnetic phenomena 
together. It is a well known fact that electricity and 


magnetism are closely related and easily converted from one 


form to another. For example, an electric generator relies 
mpon both electric and magnetic principles Wee abies 
operation. The relations are well understood and readily 


available in equation form. 

The physical quantities serving as magnetic 
measurands for the transduction and modification principles 
of the next chapter are listed in Table V. For a complete 


listing, see Appendix D. 
5. Optical Measurands 


The optical measurands are associated with those 


electromagnetic phenomena which occur in the range of 


imerared to ultraviolet. Unlike the low end of the 
Spectrum, few attempts are made to consider the orthogonal 
electric and magnetic components Separately. These 


measurands attempt to describe the factors that affect the 


Zo, 


TABLE IV 


Electrical Measurands 


CAPACITANCE 
CHARGE 


CHARGE CARRIER 
CHARGE LOSS 
CONDUCTIVITY 

CORONA DISCHARGE 
CURRENT 

CURRENT, RESTORING 
CURRENT. VACUUM 
DIELECTRIC CONSTANT 
ELECTRIC FIELD 
ELEGIRIC Mine D Ie 
ELECTRONS 

EMF 


DIPPER ENGE 
ELEGIER LE 
ELECTROMAGNETIC 
RESONANT 


IONIZATION 
POWER 


RADIATION, ELECTROMAGNETIC 
RESISTANCE 

RESISTANCE, GATE 
RESISG@IYV In 

SPARK. ELECTRICAL 
THERMORESLSTANCE 

VOLTAGE 


WAVE, ELECTROMAGNETIC 





propagation and behavior of optical energy. For instance, 


reflectivity at an air-fiber interface determines the amount 


of light which may be coupled into an optical fiber. This 
LSeopartieularty important when designing an optical 
communications link and calculating the optical power 


budget. The field of optics has many such relations readily 
available in equation form. 
The physical quantities serving as opt ileal 


measurands for the transduction and modification principles 
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TABLE V 
Magnetic Measurands 
FLUX, CHANGE 
FLUX DENSITY 
FREQUENCY, ELECTROMAGNETIC 
MAGNETIC FIELD 


MAGNETIC FIELD, DYNAMIC 
ene ae PULee INTENSITY 


MA 

MAGNETIZATION 
MAGNETIZATION DIRECTION 
MAGNETIZATION, SUDDEN 
PARAMAGNETISM 

PERMEABILITY 

RADIATION, ELECTROMAGNETIC 
WAVE, ELECTROMAGNETIC 


of the next chapter are listed in Table VI. For a complete 


listing, see Appendix E. 
6. Chemical Measurands 


The chemical measurands are associated with the 
manner in which atoms and molecules share electrons, or bond 
together. A field of Science that is well understood has 
built up around this molecular bonding. The applications in 


solid state sensor technology have not been developed very 


eat , however, due to the lack of Suitable device 
Bontigurations. Once again, Lt is possible to 
mathematically express one measurand in terms of af 
different, but related, measurand. Chemistry has many such 
relations available in equation form. Pi winds Sodio! ay 
case, however, the formula is often expressed in chemical 


symbols rather than conventional mathematical symbols. 

The physical quantities serving as chemical 
measurands for the transduction and modification principles 
of the next chapter are listed in Table VII. For a complete 


listing, see Appendix F. 
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TABLE VI 


Optical Measurands 


ABSORPTANCE 

COLOR, ANY 

COLOR. PRIMARY 

COUPLING COEFFICIENT 
FREQUENCY. OPTICAL 
ILLUMINATION 
ILLUMINATION, DIFFERENCE 
IMAGE, DECEPTIVE 

IMAGE. OPTICAL 

INFRARED RADIATION 


LIGH. 
LIGHT EMISSION 
MAX ENERGY WAVELENGTH 
MAX POLARIZED LIGHT 
OPAQUENESS 

CAL SaNSioe 


POLARIZING ANGLE 

RADIANT HEAT 

REFLECTION COEFFIC&IENTLT 
REDEECGI GEE: 

REFRACTIVE INDEX 
SPECTRAL LINE SEPARATION 
TRANSMISSIVITY 
ULTRAVIOLET LIGHT 
VISIBLE LIGHT 





7. Nuclear Measurands 


The nuclear measSurands deal with phenomena that lie 
at the high end of the electromagnetic spectrum. Osc 
particular interest in this area is the ability to detect 
the presence of ionizing radiaerone This has many 
applications in the fields of nuclear physics, spacecramee 
design, medicine, and nuclear power. Many nuclear equations 
are available to describe particular events and effects. 
Perhaps the most famous of these equations is the one 
developed by Einstein relating mass, energy, and the 


Velocity or Ieee 
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The physical quantities serving 
measurands for the transduction 


of the next chapter are listed in Table 


complete listing, 


TABLE VII 


Chemical Measurands 


BIOLOGICAL MECHANISM 
CHEMICAL COMPOSITION 
CHEMICAL REACTION 
CHEMICAL REACTION RATE 
CHEMICAL STATE 
CHEMICAL CONCENTRATION 
CONCENTRATION, GAS 
CONCENTRATION, IONIC 
CONCENTRATION, NO 
CONCENTRATION, OXYGEN 
CONCENTRATION, SALT 
CONCENTRATION. VAPOR 
CRYSTALLIZATION 
DIFFUSION RATE 

GA SAMPLE 

HUM miDi 


OXIDATION 
SOLUBILITY, GAS 


see Appendix G. 


TABLE VIII 


Nuclear Measurands 


PREOUENCY. NUCLE 


AR 
FREQUENCY ELECTROMAGNETIC 
GAMMA RAY 


RADIATION: IONIZING 
RADIATION, NUCLEAR 
RADIATION, X-RAY 


as 


nuclear 


B@as 


and modification principles 
VALE 


a 
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IV. TRANSDUCTION AND MODIFICATION ELEMENTS 


A. THE TRANSDUCTION Mra 


Transduction is the process by which one form of energy 
is converted into another form: of energy. Likewise, 


modification is the process by which one form of energy is 


changed to a like form of energy. In this section, (igam 
known transduction and modification principles are 
identified. These principles are the transduction and 


modification elements which make up the transduction path of 
a solid state sensor. 

One way to represent these transduction and modification 
elements is in matrix storm, A symmetric / X / matrix Wile 
rows and columns corresponding to the seven forms of energy 
is sufficient to illustrate all possible transduction vane 
modification elements. The rows of the matrix represent the 
energy form of the input measurand while the columns 
represent the energy form of the output measurand. Since 
the matrix 1S symmetric, the diagonal blocks represent 
modification elements as the output energy form 1s the same 
as the input energy form. Likewise, the off-diagonal blocks 
represent transduction elements as the output energy form is 
different from the input energy form. The transductatem 
matrix is illustrated in Figure 4.1. In the next chaptems 
the elements of this matrix will form the basis of the 
transduction path method of analysis, resulting in the 


development of the “transduction path diagram’. 


B. THE MATREX  EULEMENTS 


The transduction matrix in Figure 4.1 serves to show how 


the transduction and modification elements may be organized 
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Figure 4.1 iheansic@ucr dom Matrix . 
imeo a Single structure. To show the detailed structure of 
the matrix, it is broken up into a series of tables, each 


imeting the transduction and modification principles with a 
particular form of energy as’ the output. Daeg tics co lium 
of the table represents the energy form of the input 
measurand and ranges from nuclear through electrical. The 
last column of the table represents the energy form of the 


output measurand and does not change within the table. In 
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this manner, the table may be regarded aS representing a 
column of the matrix in Figure 4.1. 

In order to change from one energy form to another, it 
1s necessary to employ some tranSduction or modification 
principle. The middle column of each table lists the 
transduction or modification principles that may be employed 
to make the designated change. For example, Table Ix, 
entitled "Mechanical Output Elements", contains an entry in 
which the input energy form is magnetic and the output 
energy form is mechanical. The transduction principle tie 
makes this transition possible is magnetostriction, So an 
entry to that effect is made in the middle column of the 
table. 

The other entries in the tables are prepared in a 
Similar manner. Where a particular transduction seem 
modification principle cannot be conveniently specified, the 
device performing the transduction or modification ae 
specified instead. For example, a bridge Circuit ee 


commonly used as an electrical modifier in solid state 


sensors. Its operation is based upon several electronic 
principles, but there is little to gain by enumerating them 
Separately. It is* sufficient to know that a Straeuraee 


exists which will convert small changes in resistance to a 


usable voltage and is called a "Bridge Circuit’ . The 
reader, upon seeing such an entry, would then refer to the 
appropriate literature for a full description of @jGie 


operation and theory of such a device. 

No attempt is made in this paper to describe the theory 
behind the transduction and modification steps employed in 
the transduction path approach to solid state sensors. Ol: 
prime importance in this paper iS to convey amethod by 
which solid state sensors may be analyzed and investigated. 
However, to make it easier for the reader to utilize this 


method, an index of all the transduction and modification 
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principles is provided in Appendix H. Hach principle is 


listed alphabetically, along with the associated input and 


output measurands. Additionally, an appropriate source for 
detailed information is indicated for = each = =principle., 
Unless otherwise indicated, the source which may be 


Gonsulted for further information on each principle is 
fer, J1]. 


1. Mechanical Output Elements 


iMmmenls scetton ee she transduction and modification 
principles which have a mechanical output measurand are 
identified. Table be Contains ase Listing of those 
meamsduction and modification principles which represent 
blocks in the mechanical output column of the transduction 
Matrix. By eed ad Eason. those entries in Table IX with a 
mechanical input measurand are modification elements while 
all others are transduction elements. fnew iodl hleat ion 
elements do not change the energy form of the input 
measurand; in this case it remains in mechanical form. 
Rather than listing all of the known mechanical modifiers, 
only those with known applications in solid state sensors 
are included in Table IX. 

A mechanical modification element that is utilized 


' 


in many solid state sensors is “elastic deformation”. This 
is a general term that may be applied to any structure or 
device that relies upon its elastic properties to modify 
mechanical energy. A common example of a device that 
utilizes this principle is a diaphragm which deforms in a 
predictable manner as a function of presSure. Many pressure 
transducers operate on this principle. 

In the traditional generation of sensors, the 
elastic properties of metal were often relied upon for 
applications requiring elastic deformation. However, many 


such metal devices were subject to hysteresis in which the 
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prestressed behavior differed from the non-prestressed 
behavior. As noted earlier, silicon has proved to be a 


nearly ideal material for constructing solid state Sensors. 


Being a monolithic material, silicon iS very nearly free 
from the disadvantages of hysteresis. Furthermore, silieom 
is capable of being micromachined into various 


configurations through the process of chemical eEtchiies 
Micromachining is the process by which extremely small 
Structures may be fabricated and represents a great 
reduction in scale from the traditional generation of 
sensors which employed macromachining. 

Since the ultimate goal of a solid state sensor is 
to convert ameasurand into an electrical form of energy, 
the transduction and modification elements listed in Table 


IX represent only an intermediate step in the transduction 


path of a sensor. Further transduction would be necessary 
to finally arrive at a useful electrical output. As can be 
Seen in Table IX, there are often several principles that 


may be utilized to transform a given form of energy into a 
mechanical form. In order to determine which of the 
transduction or modification elements may be useful fora 
particular application, the reader may refer to Appendizagm 


for information on input and output measurands. 


2. Thermal Output Elements 


In this section, the transduction and modification 
principles which have a thermal output measurand are 
identified. Table? -xX contains a lasting sates those 


transduction and modification principles which represent 
blocks in the thermal output column of the transductiom 
Natrex By definition, those entries in Table X with a 
thermal input measurand are modification elements while all 
others are transduction elements. The modification elements 
do not change the energy form of the input measurand; in 


this case it remains im thermaeer oud 
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INPUT FORM 


Nuclear 


Chemical 


Optical 


Magnetic 


Thermal 


Mechanical 


mhectrical 


alo 
4 


é 


Sad 
ae 


ae 
ee 


ale 
oe 


TABLE IX 


Mechanical Output Elements 


PRINCIPLE OUTPUT FORM 

* Mechanical 

Aemelyeas * Mechanical 
Capillary Column 


Chemisorption 
Jones Effect 
Osmosis 
Paramagnetism 


Radiation Pressure 


Einstein-de Hass Effect ~* 
Magnetic Anisotropy 
Magnetic Sound Dispersion 
Mapnetostriction 


Thermal Expansion 


Acoustic Interference s 
Acoustic Propagation 
Archimede s Principle 
Bauschinger Effect 
Gay liat Ton 
Doppler | GOR 
Elastic Deformation 
Elastic Limit 
Boros st fect 
Gravity Pendulum 
Hydrodynamic Element 
BeGenina COME raAck lon 
Mechanical Resonance 
HabacOt s Katie 
WaneZ nes @ilatiok 
esonance 
Oto im. | 
ee UEOe Wire 
Vortex Shedding 


Mechanical 


Mechanical 


Mechanical 


Mechanical 


Ampere's Law * Mechanical 


Eleetrie Wind Eftect 
Elect roacoustic 
Electrocapillarity 
Elect ro-osmosis 
Electrostrictive 
Ferroelectric 
Interdigital Transducer 
Johnsen-Rahbek Effect 
Panen Bifect 

Winslow Effect 
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An element of the matrix that is particularly “serum 
1s that of "thermal Meondtice twee In existing sensors, 
this principle is used to measure air velocity, mass flow 
rate, flow velocity, chemical composition, and heat transfer 
rate. It relies upon the concept of heat energy transfer. 
Several physical phenomena have an effect upon the manner in 
which heat is transferred and can thus be indirectly 
measured. For example, a solid state anemometer has been 
developed which operates by measuring the temperature of a 
heated element in contact with the airflow. The amount of 
heat that is transferred from the heated element to the 
airstream is dependent upon the thermal conductivity of air 
and the velocity of the airflow. Since the mathematical 
relationships are known, the air velocity may be calculated 
in an appropriate manner. 

The transduction and modification elements listed in 
Table X represent only an intermediate step in the 
transduction path of a sensor since the output is not 
electrical in form. Further transduction would be necessary 
to finally arrive at a useful electrical outpuc. As can be 
seen in Table X, there are often several principles that may . 


be utilized to transform a given form of energy into thermal 


energy. In order to determine which of the transduction or 
modification elements may be useful for a particule 
app lteataon, the reader may refer to Appendix M for 


information on input and output measurands. 
3. Electrical Output Elements 


In this section, the transduction and modificamuaam 
principles which have an electrical output meaSurand are 
identified. Tables XI and XII contain listings of thoge 
transduction and modification principles which represent 
blocks in the electrical output column of the transduenaag 


Wate te lec This table is unique in that the output measurand 
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TABLE X 
Thermal Output Elements 


ENP UT FORM PRINCIPLE OUTPUT FORM 


Nuclear * Fission * Thermal 
Chemical “ Combustion. |) thermal 
Miecanolkyvete Dissociation 


Photoabsorption_ | 
Thermal Conductivity 


Opeical * Photoabsorption <* Thermal 


Magnetic “ Thermomagnetic * Thermal 


Thermal x Fourier'’s Law Thermal 
Righi-Leduc Effect 


Thermal Conductivity 


Mechanical * Gratis Rule * Thermal 
Hot Wire. 
Plezocaloric oa 
Thermal Conductivity 


Palecttical * Benedick Effect = iiherma lL 
Ettingshausen Effect 
Joule’s Law 
Peltier Effect 
Spark Gap 





is of a form suitable for output by a solid state sensor. 
These transduction and modification steps represent’ the 
final stage in a transduction path which must terminate in 
the electrical domain. By definition, those entries in 
Tables XI and XII with an electrical input measurand are 
modification elements while all others are transduction 
elements. 

The electrical input meaSurand elements of Table XII 
do not change the form of energy from input to output. 


These are the modification elements, commonly referred to as 


ay) 


Signal processimesstepce The entire field of electronics 
may be considered to lie within the realm of electrical 
modifiers. Rather than attempt to list them all within this 
section, only those devices which have found particular 
applications in the field of solid state sensors are 
included. 

Those entries in Tables XI and XII which are not 
modifiers are, of course, transduction elements. These are 
particularly useful for use in solid state sensors in that 
they represent a direct path to the electrical domain from a 
non-electrical measurand. They also serve as the terminal 
Step in a transduction path which may utilize several 
transduction or modification elements as intermediate steps. 
By playing such an important role in the transduction path, 
these transduction and modification elements form the most 
important column in the transduction matrix. 

As can be seen in Tables XI and XII, there are many 
transduction and modification principles which have an 
electrical output. Tiatseen a | hows preat flexibility im 
choosing the principles to be uSed in the design of a solid 
State sensor. However, only a few principles prove useful 
in a given application, so the reader is referred to 


Appendix O for information on input and output measurands. 


4, Magnetic Output Elements 


In this section, the transduction and modificatiasm 
principles which have a magnetic output measurand are 
identified. Table XIII contains a listing of (theese 
transduction and modification principles which represent 
blocks in the magnetic output column of the transduction 
Ma Crea. By definition, those entries in Table XIII with a 
magnetic input measurand are modification elements while all 
others are transduction elements. The modification elements 


do not change the energy form of the input measurand; in 
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INPUT FORM 


Nuclear 


Chemical 


Optical 


Magnetic 


Thermal 


ale 
a 


ae 
ae 


ate 
ae 


ale 
ae 


afte 
aN 


TABLE XI 
Electrical Output Elements I 


PRINCIPLE 


Fission 

Joshi Effect. 
Photoconductive 
Photoemissive 
Photovoltaic 

PINS noeocurrent 


Cathodic Reduction 
Chemisorption 
Electrochemical _. 
Gate Controlled Diode 


BVeneScop rc salt 


Kohlrausch's Law 
Polymer PAPA | 
lerboeleeckricity ~ 
Variable Dielectric 
Zirconium Oxide Cell 


APD 
Becquerel Effect 
cep 


Hallwock's Effect 
Hertz Effect 
Josephson Junction 
Pigne cOnawe tance 
Photoemissive 
Pnorovoltaic 

Pier notocurrent 


Corbino Effect. 
Faraday Induction 
Galvanomagnetic (Hall) 
Gauss Effect 
Josephson Junction 
Magnetoresistance 

pene Ds Coil hee) 
Variable Permeability 


Edison Effect 
Josephson Junction 
Mattheissen s Rule 
Newnceenirtect 

PTAT 
tee ho 

TCD 


Thermoconductance 
Thermoelectric (Seebeck) 
Thermoresistance 
iniemnieveltate J uneiaon 
Variable Dielectric 
Workman-Reynolds Effect 
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OUTPUT FORM 


* Electrical 


fF Lectrica l 


ate 
¢ 


Elect tical 


* Electrical 


electri eal 


this case it remains in Magnetic “fare Relatively few 
principles with a magnetic output are known. However, most 
of these are transduction principles with the most common 
input energy form being mechanical. 

Two magnetic modification elements are listed in 
Table XIII and the rest are transduction elements. Since 
the ultimate goal of a solid state sensor is to convert a 
measurand into a an electricalvs fom of energy, the 
transduction and modification elements listed in Table IX 
represent only an intermediate step in the transduction path 
of a sensor. Some other transduction element must follow in 
the transduction path if an electrical output 1S toupee 
realized. Table XI contains six transduction prince vom 
which lead from a magnetic input to an electrical output. 
These represent six possible paths which may lead from a 
magnetic signal to a useful electrical signal. As will be 
illustrated in a subsequent chapter, many other possible 
paths exist as well. 

The magnetic output principles are currently being 
used quite heavily in the field of automotive engine control 
Sensors. Most use has been made of the Wiegand Effect and 
the Inductive Eddy Current Effect in this field. Another 
very useful principle is magnetostriction, which converts 4 
mechanical strain into a Mmagnetre ttelae Magnetostriction 
is also capable of converting a magnetic field into a 
Mechanical “Strain. For this reason, magnetostriction 
appears in Table IX as well. Several other effects also 
exhibit this property of being reversible. 

As can be seen in Table XIII, Sometimes there are 
several principles which may be utilized to transform a 
given form of energy into magnetic energy. In order ee 
determine which of the transduction or modification elements 
may be useful for a particular application, the reader may 
refer to Appendix L for information on input and ocutpue 


measurands. 
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PABiE orl 
Electrical Output Elements II 


Er OREM PRUNCIP CE OUTLET Oki 


Ee emt Lead | 


* Acoustoelectric 
Conductive Elastomer 
Doppler JELeSEOLS) 
Dorn Effect _ (Electrokinetic) 
Interdigital Transducer 
ieneMovenene | 

Mechanical Switch 

Ose ator is 

Piezoelectric 

Piezo-optical Effect 
Rego rec hor alec 

EheE he ZO Uiile aon 
RPOreneLOmel te 

Proxies y Etieet 
Resistance-Pressure Effect 
Thermoelastic Effect 
Variable Conductivity 
Variable Dielectric 
Variable Reluctance 
Wertheim Effect 


Mechanical 


9, 


Bridge Circuit mip lectrical 
pepegneave Paes i El 


mbectrical = 


Charge Amplifier 
Charge Mobilit 
Deere tchila ls ltrans Conner 
ECKO 

ECOLD . 
Pilteceroreoaptiecal Eftect 
Gate Controlled Diode 
Impedance 

IL pel oye iealfoyeh 

ou en 
Josephson Junction 
MOS Capacitor 

Ohm s_ Law 

Ose lat ar 
Phasewonitt Usellilator 
PIN 

Pik 

Power Law 

uantum Interferometer 

ensing Coil | 

Seah rOCcesotne | 
Spark Gap (Paschen's Law) 
Umi junee ton Oscillator 
Varis tom 

Wien Effect 

Zener Effect 


43 


TABLE Xi 
Magnetic Output Elements 


INPUT FORM PRINCIPLE OUTPUT FORM 


ale 
ee 


Nuclear ve Fission Magnetic 


Chemical “s * Magnetic 


Optical “ Photomagnetic Effect * Magnetic 


Magnetic “ Barkhausen Effect ~“ Magnetic 
Wiegand Effect 


Thermal vs Curie-Weiss Law * Magnetic 


Mechanical * Barnett Effect | ~“ Magnetic 
Doppler (Magnetic) 
Flux Density 
Inductive Eddy Current 
Magnetostriction 
Villar, Eistecs 


Bilecerica.) =: Faraday Induction * Magnetic 





5. Optical Output Elements 


In this section, the transduction and modificatmom 
principles which have an optical output meaSurand are 
identified. Tables XIV and XV contain listings of those 
transduction and modification principles which represent 
blocks in the optical output column of the transdwetwee 
Mat 1x. By definition, those entries in Tables XIV and XV 
with an optical input meaSurand are modification elements 
while all others are transducraon elements. The 
modification elements do not change the energy form of the 
input measurand; in this case it remains in optical form 


The entire field of optics may be considered to lie within 
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the realm of optical modifiers. Rather than “tempting to 
micteallewoanr the knows optical modifiers, only those with 
known applications in solid state sensors are included in 
Table XIV. 

Many transduction and modification principles are 
known which have an optical output. One of the optical 
modifiers which is finding increasing application in the 
field of solid state sensors is the optical fiber. Since 
the wavelength of light is on the order of micrometers, it 
can be used to measure very small physical changes with good 
resolution. Extremely Sensitive detectors have been 
developed which make possible the detection of very small 
changes in the light propagation characteristics of an 
optical fiber. Furthermore, advances in materials 
processing have led to optical fibers of unprecedented 
Moeerormity and purity. These factors combine to make 
optical fibers excellent distributed sensing elements of 
great sensitivity. Already, they have seen use in 
magnetometers and optical gyroscopes. 

The development of the laser has likewise had a 
large impact on the field of solid state sensors. A laser 
resonant cavity 1S extremely SenSitive to changes in 
physical dimension and as such makes a good sensing element 
with extremely good resolution. The development of the 
laser diode has likewise opened new possibilities for 
optical systems in solid state sensing. Small and reliable, 
they bring optics into the solid state age. 

Since the ultimate goal of a solid state Sensor is 
to convert ameasurand into an electrical form of energy, 
the transduction and modification elements listed in Tables 
XIV and XV represent only an intermediate step in the 
transduction path of a_ Sensor. Further transduction would 
be necessary to finally arrive at a useful electrical 


Sut put . A fairly wide choice of optical principles with an 
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electrical output are available in Tables Kiy anda In 
order to determine which of the transduction or modification 
elements may be useful for a particular application, the 
reader may refer to Appendix K for information on input and 


output measurands. 


TABLE XIV 
Optical Output Elements I 


INPUT FORM PRINCIPVEE OUTPUT FORM 


Nuclear - Cerenkov Effect ~ Opticam 
Lis sion 
Geiger Effect 
Luminescence 
Radiation Darkening 


Chemical “ Absorption (Lambert ) * 
Bioluminescence 
Combustion. 
Crystalluminescence 
Lambert's Law. 

Optical Retarien 

Variable Density 


Optica 


OpGrcal “s Amplitude Modulation ~SOpeleall 
Brewster s Law 

Christiansen Effect 

Colon Mixing 

Lens system 


Luminescence 
NTIR 


Phase _ Interferometer 
Photolumineseenes 
snell s Law ee 
Variable Reflectivity 


Magnetic “s Faraday Rotation. * Optical 
Kerr Magneto-optic Effect 
Liquid Crystal 
Luminescence 
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TABLE XV 


Optical Output Elements II 


INPUT FORM PRINCIPLE 


Thermal * Blackbody Radiation 
STIS Bandgap _Shif 
Gladstone & Dale's 
Incandescence 
Liquid Crystal 
Mirage Effect 
Stefan-Boltzmann Law 
Thermo-optic 


Wien's Displacement Law 


* Absorption 

Coulomb s Law 

Pees TONE | 1) 
oppler ica 

SRO Oot Porect 

Evanescence 

1 1b 


Mechanical 


I 
Cilladctoanewca bale s law 


Interrerence Coating 
Lambert ,s Cosine Law 
Lambert s Law 
Laser External Mirror 
Numerical Aperture 
Optical Interference 
Pigtoelaceve Etfect 
Pleze-opeted | Eireat 
Radiative Losses 
Sagnac Phase Shift 
Schlieren Grating 
Sonoluminescence 
Triboluminescence 
Variable Birefringence 
Variable Opacit 


1G 
Law 


CUTE Ui Ee ORM 
< Optical 


sepia ced | 


Variable Peeeeacy ue Index 


Electrical * Cerenkov Effect 
Electroluminescence 
PLcCrrenoptleal, Etfect 
Kerr Entect 
PED VE Tecero-optarc 
Luminescence 
Stark Effect 


6. Chemical Output Elements 


* Optical 


fieeieomcecemtom. tne Eransduction and modification 


principles are identified which yield 
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a chemical output 


measurand. Table XVI contains ae 1 PS tae of those 
transduction and modification principles Which Tepresems 
blocks in the chemical output column of the transduction 
matrix. By definition, those entries in Table XVI with a 
chemical input measurand are modification elements while all 
others are transduction elements. The modification elements 
do not change the energy form of the input meaSurand; in 
this case it remains in chemical form. Most of the fielawer 
chemistry may be considered to lie within the realm of 
chemical modifiers. Rather than attempting to list all of 
the known chemical modifiers or chemical reactions, only 
those with known applications in solid state Sensors are 
included in Table XVI. 

The principles of modern chemistry that have seen 
implementation in solid state Sensors are relatively few in 
number considering the vast bulk of knowledge available on 
chemical processes. Chemical sensors are exposed an 
environment that is often damaging to associated integrated 
ClGeuULeEry. For this reason, the probdlem of sensor sealing 
has received a great deal of attention. The ideal solid 
State chemical sensor would have a sensing element fully 
exposed to the chemical reaction undergoing measuzemems 
while still providing protection tto the delicate electronic 
CrVreurery. 

Since the ultimate goal of a solid state Sensor is 
to convert ameasurand into an electrical form of energy, 
the transduction and modification elements listed in Table 


XVI represent only an intermediate step in the transduction 


path of a sensor. Further transduction would be necessary 
to finally arrive at a useful electrical ~outeure For 
example, the photochemical processes employed in black and 


white photography convert an optical image into a chemical 
reaction on the photographic — 247 The information stored 


in the chemical state of the film is not immediately useful 
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PSeOMOGEoiUb Sitee iat is not electrical in nature. The 
chemical state is, however, available as an optical signal 
Since the chemical state determines the opacity of the film. 
This optical signal may then be converted into an electrical 
Senate throleh an appropriate application of a photoelectric 
effect. 

As can be seen in Table KVI, there is occasionally 
more than one principle that may be utilized to transform a 
given form of energy into chemical energy. Therefore, the 
meader 1S referred to Appendix J for information on input 


and output measurands. 


TABUE XV I 
Chemical Output Elements 


NE UT SeORM PRINCIPLE DUTEUT FORM 


+ 


Nuclear Chemica L 


Chemical 


~ ‘, 


Chemical * Rago rp elon 
Donnan Membrane Equilibrium 


ate 
qe 


Optical aS Photochemical Chemical 


Photosynthesis 
Magnetic “ * Chemical 


Thermal " Arrhenius Equation * Chemical 
Henry s Law 


Mechanical * * Chemical 


Electrical * Electroplating * Chemical 
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7. Nuclear Output Elements 


In this section, the transduction and moditicacrom 
principles which have a nuclear output measurand are 
tdenttr1eds Table XVII contains a listing of theese 


transduction and modification principles which represent 
blocks in the nuclear output column of the transdweewenm 
Machi x. By definition, those entries in Table XVII with a 
nuclear input measSurand are modification elements while all 
others are transduction elements. The modification elements 
do not change the energy form of the input measurand; in 
this case it remains in nuclear form 

The field of nuclear physics has long been a very 


specialized field with very specialized instrumentation. 


However, the demand for low cost, reliable Sensing devices 
has grown in recent years. Spacecraft designers, 
physicists, the nuclear industry, medical researchers, and 


the military represent a growing number of users. with 
applications for such devices. 

Since the ultimate goal of a solid state sensor is 
to convert a measurand into an electrical form of energy, 
the transduction and modification elements listed in Table 
XVII represent only an intermediate step in the transduction 
path of a sensor. Further transduction would be necessary 
to finally arrive at a useful electrical ourpuee It cane 
seen in Table XVII that the number of useful principles with 
a nuclear output 1s ~ratheresoma ae However, due to the 
particularly energetic and dangerous qualities of nuclear 
output meaSurands, it is unlikely that the principles listed 
in Table XVII will see widespread application. In order vee 
determine which of the transduction or modification elements 
may be useful for a particular applreatrom however, the 
reader may refer to Appendix I for information on input and 


output measurands. 
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TABLE XVII 


Nuclear Output Elements 


INPUT FORM PRINCIPLE OUTPUT FORM 


Nuclear cs Bass bend * Nuclear 


fod 


Chemical * Nuclear 


Optical * * Nuclear 


Magnetic * * Nuclear 


Thermal * * Nuclear 


Pa 


Mechanical * Doppler (Nuclear) ‘ Nuclear 


Electrical ~ Bremstrahlung Radiation ™* Nuclear 
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V. THE TRANSDUCTION PATH SMETHes 


A. DESCRIPTION 


The purpose of a solid state sensor iS to Converiumem 
input measurand to an electrical output signal. The input 
measurand is manifested as a Signal belonging to one of 
seven different forms of energy. When this signal is other 
than electrical in mature, it must undergo the process of 
transduction before it can be processed by electronic 
devices. 

This process of transduction may be described through 
what is now referred to as the "transduction path" method. 
The method defines a transduction path as a sequence of 
individual transduction or modification principles  wihalen 
lead from an input measurand to an electrical output signal. 
While some transducers employ only a single transduction or 
moditiecatieon. pranerptle, many transducers are multi-step 
devices which employ several principles for their operation. 

For example, a typical pressure transducer is a two step 


device which utilizes the principles of elastic deformation 


and plezoresistance. Elastic deformation modifies’ the 
mechanical input measurand, pressure, into a mechanical 
output measurand, strain. This strain is in turn applied as 


a mechanical input measurand to a piezoresSistive device 
which transduces it to a change in electrical resistance. 
The transduction path of this sensor would consist of a 
modification principle, elastic deformation, followed by a 
transduction principle, piezoresistance. 

An example of a single step device is the thermocouple. 
It operates on the thermoelectric effect and transduces a 


thermal input measurand, temperature, directly to an 


a) 


el@ctrical output signal, voltage. The transduction path of 
milceesensor would comsist of only a single transduction 
principle, the thermoelectric effect. 

As can be Seen in the preceding examples, the 


meansduction path may consist of one or more discrete 


transduction or modification steps. A requirement in all 
cases, however, is that the final step of the transduction 
path must yield an electrical output measurand. Also, ina 


multiple step transduction path, the output and input 
measurands of consecutive steps must be the same. 

The transduction path method represents a means of 
describing the operation of a solid state sensor. However, 
it requires knowledge of transduction and modification 
m@einciples drawn from all fields of science. It is for this 
reason that the known transduction and Moduricat aon 
principles are tabulated in Appendix H for easy reference. 

The transduction matrix of Figure 4.1 represents a means 
mamough Which transduction and modification principles may 
be grouped in an orderly fashion. Each block represents a 
family of either transduction or modification principles 
with associated input and output energy forms. Blocks on 
the diagonal are modification elements while blocks off the 
diagonal are transduction elements. 

In Chapter IV, the known transduction and modification 
principles were identified by family in Tables IX through 
mvt. The number of principles belonging to each family, 
based on input-output energy forms, is annotated in Figure 
eel, The mumber in each block represents the number of 
known principles which make Ehidiece part ten lair energy 
transduction or modification possible. For example, Table 
XI contains ten principles which permit the transduction of 
optical energy to electrical energy. Accordingly, a 10 is 
entered in the block of Figure 5.1 which lies at the 


intersection of the optical input row andthe electrical 


33) 


OE pile mea LUM. Empty blocks in Figure 5.1 indicate that. 
principle is known which permits thae particulas 


transduction or modification of energy. 


OUTPUT 


jyuct 1 | | 5 : il il | | 6 | 
[cuen| | ) 4 | 6 | an | 
Jorts| | 2 | ‘al af il | 1 | 10 | 
ah ee ee Se eee 
N 
cin] | UL 
a see eet ea as ew ee ee eS eee See 
THER| P 2} 9] af 3] a] as) 
jwece| 1 | 26} 6] 4 | 19 | 20 | 
[ELEC | il : ik | 7 | i | 5 | ee | 28 | 
Figure 5.1] Distribution of Prinerewece 
The transduction path method represents a general 


concept which may be utilized to describe the operation of a 
solid state sensor. However, a framework is necessary if 


the method is to be utilized effectively. As will be seen 
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in the next section, Eeme Ehansduction path diagram’ 


provides just such a framework. 


B. THE TRANSDUCTION PATH DIAGRAM 


Conceptually, the transduction path of a sensor consists 
fiea Sequence of individual transduction or modification 
principles which lead from an input measurand to an 
electrical output signal. [iimeinesesectlon amici TUCture 1S 
developed which is able to present the transduction path of 
a solid state sensor in graphical form. 

Representing a refinement of the transduction matrix 
introduced in Chapter IV, the structure shown in Figure 5.2 
has several important properties. Most important of these 
properties is that this structure, hereafter referred to as 
the “transduction path diagram”, is capable of providing a 
emapnical illustration of a transduction path. This diagram 
interconnects all of the known transduction and modification 
Bermeiples ina systematic and orderly fashion. Pt ass 
capable of not only describing the operation of existing 
sensors, but may also serve to illustrate how a sensor can 


be susceptible to undesirable, secondary measSurands that may 


Mimi oit 1ts accuracy. Finally, it may also serve asa 
mechanism for the systematic investigation of sensor 
Senftigurations. 

At first glance, the diagram appears similar to the 
Paamsaduction matrix introduced in Chapter IV. Both are 


arranged about a symmetric 7 X 7 matrix with energy form 


labels on the rows’ and columns. SEM Laribye tO. the 
Boeansduction matrix ends at this point, however. In the 
transduction matrix, the rows represented the input energy 


form and the columns represented the output energy form. 
However, in the transduction path diagram, a different 


approach is taken. ine uipulty out pubndustanctiton 1S made in 


Do 





Pigure: 5.2 Transduction Path Draerane 


an entirely different manner as will be explained later in 
this section. 

In order to show how the transduction path diagram 
operates, it is best broken down into three main Sections. 
These are the input section, the transduction path section, 


and the output section. 
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Pe liiput section 


On the top and left side of the transduction path 


diagram are boxes, each containing a label indicating one of 


the seven forms of energy. These fourteen boxes represent 
the input meaSurand of a solid state sensor. Since every 
transduction path starts with an input measurand, these 


boxes also represent the fourteen possible points of origin 
@eea transduction path. To remind the user of this fact, 
adjacent to these boxes are long, narrow, blocked-in areas 
labelled ONO C= gkides particular POGETOnN EHO Lf the 


meansduction path diagram is illustrated in Figure 5.3. 
Pe lransductien Path Section 


inembedyeot the transduction path diagram 1s a / XK / 
Matrix which is used to illustrate the transduction and 
modification steps utilized in a solid state Sensor. A 
transduction path begins with an input measurand and 
consists of a Sequence of one or more transduction or 
modification steps. Each of these steps has an associated 
input and ‘output measurand. The labels on the rows and 
columns of this portion of the diagram serve to identify the 
energy form of these measurands. A few obServations are 
necessary to determine whether these labels should be read 
to indicate input or output and are described below. 

Transduction and modification steps are indicated by 
lines which lie within a single row or column. A line lies 
within the row or column that has the same energy form as 
its input measurand. This same line terminates in the 
perpendicular row or column that has the same energy form as 
its output measurand. 

Ti Soae particular portion of the transduction path 


@taestam is illustrated in Figure 5.4. 


DT 





Preure.5-3 Input Measurand Section. 


3. Qutput Section 


On the bottom and right side of the transducewae 
path diagram are thirteen boxes lying within the row and 
column labeltedan Jin@ue Adjacent to these thirteen boxes 
are long, narrow, blocked-in areas labelled "OUTPUT". These 


thirteen boxes also appear in the transduction path section 
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NUCERGHEMe OPTI MAGN THER MECH ELEC 





Figure 5.4 anise Oleh oSect lon. 


of the diagram, but have a Special significance which must 
be mentioned here. 
The box in the bottom right corner which lies both 


Within the electrical row and the electrical column may be 


entered only through an electrical modification step. The 
other twelve boxes may be entered only through a 
transduction step which yields an electrical output. Since 


the end result of the transduction path of a_ solid state 
memset LS an electrical output signal, a transduction path 


could legitimately terminate in any of these thirteen boxes. 
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However, many transduction principles yield an 
electrical output that is not ina readily usable form 
Evipica lily . some Signal processing or conditioning same 
necessary in order to obtain an electrical signal of 
significant Strength and fidelreye Therefore, a 
transduction path that terminates in one of the twelve boxes 
mentioned above may be extended by one more step. This step 
would involve electronic signal processing and would result 


in a transduction path which ends in the bottom right box of 


the diagram. While any of the thirteen output boxes are 
legitimate termination points, the bottom right box is the 
preferred termination point. This particular portion of @eme 


transduction path diagram is illustrated in Bicupes eo 


C. A SAMPLE ANALYSIS 


Earlier in this chapter, a pressure transducer was given 
as anexample of atwo step device. It utilized the 
principles of elastic deformation and piezoresistance to 
convert an input measurand, pressure, into an electrzeam 
output signal, resistance. 

By referring to the tables of measurands in Chapter III, 
it can be seen that pressure is classified as a mechanical 
measurand. Therefore, the transduction path has a 
mechanical input measurand and will originate in an input 
block labelled "MECH", either at the top or left side of the 
diagram. Since the diagram is symmetric, these two blocks 
are equivalent and it is unimportant which of the two is 
actually chosen. However, to set a convention, assume that 
the block on the left side of the diagram is chosen to be 
thes point Of gnoimedn, Since the steps of the transduction 
path will be numbered as the example proceeds, a) Gee 


placed in the indicated block. 
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Pape 5.) OQUEDUt Golenal) Section. 


The transduction path of a sensor consists of a sequence 
Seecransduction or modification principles. The example 
pressure transducer described above iS a two step device 
which utilizes the principles of elastic deformation and 
piezoresistance. BLAS tie deformation modifies the 
mechanical input meaSurand, pressure, into a mechanical 
Siieput measurand, strain. This strain is in turn applied as 
a mechanical input measurand to a piezoresistive device 


which transduces it to a change in electrical resistance. 
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The transduction path of this sensor would Consist ote 
modification principle, elastic deformation, followedwiarvae 
transduction principle, piezoresistance. 

The point of origin for the transduction was )seleemem 
previously to be on the left side of the diagram in the 
mechanical row. This initially specifies the rows’ to be 
input energy forms and the columns to be output’ energy 
forms. 

The first step of the transduction path 1S a principe 
known as elastic deformation. By referring to the tables in 
Chapter IV and the appropriate entry in Appendix N, it can 
be seen that elastic deformation 1s° a mechanical 
modification principle. Therefore, a line is drawn from the 
point of origin along the row labelled Mrene® to be 
terminated in the block which lies in the output column 
labelled "MECH". In order to continue the numbering of the 
steps, a 1 1s*° placed in this oliocl It is significantwae 
note that this block lies on the diagonal of the 
transduction path diagram: It will be noted that all 
modification steps terminate in a block lying on the 
diagonal. 

The second step of the transduction path is a principle 
known as piezoresistance. By referring to the tables in 
Chapter IV and the appropriate entry in Appendix O, it can 
be seen that piezoresistance is a mechanical to electrical 
transduction) princrplle. The output energy form from the 
previous step of the transduction path becomes the input 
energy form for the current transduction step. This changes 
the input/output meaning of the rows’ and columns. The 
column labelled "MECH" is now the input energy form and the 
output energy form will be specified by the row deSignation. 
Therefore, a line is drawn from the ending point of the 
first step, along the column labelled "MECH", to be 


terminated in the block which lies in the output row 
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fabelled ELEC’. Peeeees placed in this block to continue 
the numbering scheme. 

The final step necessary to complete the transduction 
path diagram is to ensure that a legitimate output signal is 
available. By definition, all solid state sensors must have 
an electrical output signal. This general requirement has 
been satisfied, for the path does indeed terminate in an 
electrical output row. However, the electrical signal being 
provided at the output is a very small change in resistance. 


This must be further processed to generate a signal that may 


be digitized and assimilated by a microprocessor or 
Sentroller. 

To accomplish this, an electrical modification step is 
appended to the transduction path. Aapridge verrcult woudd 
be a suitable electrical modifier to convert a small change 
in resistance to a uSable output voltage. Therefore, a line 
is drawn from the termination of the previous step, along 


the electrical row, to terminate in the bottom right block 
of the transduction diagram. To finish the step numbering 
Menmeme, a °3 is entered in this block. This indicates that 


the transducer is actually a three step device when signal 


processing is included. Paclustone Of the final electrical 
modification step is optional, but recommended in the 
Mayority of cases. Figure 5.6 shows the completed 


transduction path diagram with step numbers, measurands, and 
principles noted below the diagram. 

The roles of the row and column labels alternate with 
Siem transduction or modification step. A transduction path 
with an even number of steps will end ina row if it begins 
in a row. Likewise, a transduction path with an even number 
of steps will end in a column if it begins in a column. ial 
a Similar manner, a three step transduction path which 
begins in an input row would terminate in an output column. 
Due to the symmetric nature of the diagram, similar results 


would be noted for any length odd or even transduction path. 
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D. EXISTING TRANSDUCERS 


The example presented above illustrates the general 
procedure to be followed when using the transduction path 
diagram as amethod of sensor analysis. The transducer 
described may be regarded as being representative of a broad 
class of piezoresistive pressure transducers. However, the 
true test of the transduction path method lies in its 
ability to describe the widest range and variety of existing 
transducers. 

In order to extensively test the transduction path 
method, information was collected on 108 different classes 
of sensors and transducers. This information was available 
ime the form of articles EhOMmeebCenmicals= journals and 
Specification sheets from manufacturers. The transduction 


path of each sensor was then determined and examined for 


compatibility with the transduction path diagram. The 
sensors examined were found to range from Simple one step 
feansauction pains ~ to extremely complex seven step 
meansduction paths. Each was found to be compatible with 


the transduction path method. 

Due to the large number of Sensors examined uSing this 
method, it 1S not practical to attempt to present all of the 
transduction paths here. Instead, one existing sensor has 
been chosen to represent each length of transduction path. 
In the sections below, a short description of each 
representative sensor is presented along with a completed 


transduction path diagram describing that sensor. 
l. One Step 


A representative example of a transducer with a one 
step transduction path is the Bridge Circuit, often referred 
to as a Wheatstone Bridge. It converts a small resistance 


change in one of its legs into a voltage which may be easily 
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measured. This one step transduction path is illustrated in 


Paectitenc. 7 2 
This transducer, consisting of only a single Step, 
illustrates the shortest transduction path possible. Lt ime 


interesting to note that since a transduction patie 
required to terminate in the lower right block of the 
diagram, a single step transduction path must consist Giga 


electrical modifier. 
2 eo EWO. Step 


A representative example of a transducer with a two 
Step transduction path is the Solid State Thermistor. dite 
converts the input measurand, temperature, into am 
electrical output signal which may be interfaced to digital 
circuitry. The two step transduction path of this dévveeume 
Lllustrated im Fieure >. on 

The operation of the semiconductor thermistor is 
based on the thermoresistive effect. It is used primarily 


to measure temperature and has several advantages over the 


traditional generation of temperature sensors. These 
advantages include high temperature coefficient, small 
dimensions, and fast response. The high temperature 


coefficient eliminates many of the difficulties usually 
encountered when attempting to process the raw electrical 
output signal from the thermoresistance step. [Ref. 12] 
This transduction path consists of two  idndivaiaeee 
steps, a transduction followed by a4 tlod@itedt mane As noted 
earlier, the last step of a transduction path is required. 
be an electrical modifier. A Bridge Circuit is specified as 
the last step in this transduction path, but some ote 


electrical modifier may serve just as well. 
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3. Three Step 


A representative example of a transducer with a 


three step transduction path is the Integrated Silicon 


Microbeam. PI-FET Accelerometer. It converts the input 
measurand, acceleration, into an electrical output signal. 
The three step Geansdierion path of this device is 


illustrated in Figure 5.9. 

The operation of the Integrated Silicon Microbeam 
PI-FET Accelerometer is based on the piezoelectric effect 
and the principle of elastic deformation. It is fabricated 
Miemlaizing Silicon planar technology, zinc-oxide sputtering, 
and anisotropic etching. A small cantilever beam is etched 
aenwor monolithic silicon and coated with a piezoelectric 
fea iim . When the device undergoes acceleration, the 
cantilever beam flexes as does the piezoelectric coating. 
This creates a surface charge on the piezoelectric film. 
Due to careful isolation of the piezoelectric film from 
electrical leakage paths, a mnear-dc response is achieved up 
mome+O kHz. ([Ref. 13] 

This transduction path consists of three individual 
Steps. iiewrtrsie 1S Aa omodification, the Second is a 
Bransduction, and the third is an electrical modifier. in 
mats case, the last step is a PI-FET structure which 
converts charge to an amplified output voltage. The surface 
charge induced on the piezoelectric material is capacitively 
coupled to the gate of the p-channel, depletion mode FET 
with an amplified signal appearing at the drain [Ref. 13]. 


4. Four Step 


A representative example of a transducer with a four 
step transduction path is the Wiegand Pulse Generator, often 
used in automotive engine control applications. It converts 


the input measurand, vane position, into an electrical 


69 


—_—_——_-_ = — = ee ee eee eee ee 


| out dL dL 
"| | oe| | | 
rrr tt ff dd 
[----------------------------------------- O 
N | MAGN U 
P AL 
U P 
T--------------------------+--------------- U 
st out oud dL dL 
|MECH|... | 
0 hy I vie | | ease i mies | chen) I Cmisiniy 1 | 
acme 
Sy @ le 
DRAW 
We! eel Ne ie ee 
| OUTPUT | 
INPUT Acceieration 
MODIFICATION = ELASTIC DEFORMATION 


0 

QO-1 

1 Strain 
TRANSDUCTION yee PIEZOBLECTRTe 

2-3 

3 


argee 
MODIFICATION CAPACITIVE PI-FET 
OUTPUT Voltage 


Integrated Silicon Microbeam PI-FET Accelerometer 


Figure s529 Three Step Transducesre 


70 


output signal. inewmiomeamestep transduction path of this 
fevwreenis illustrated in Figure 5.10. 

The Wiegand Effect is amagnetic phenomenon which 
occurs in a specially work-hardened small diameter 
ferro-magnetic wire. When a properly shaped magnetic field 
is applied, the Wiegand Wire acts as a bi-stable magnetic 
device. It changes from one magnetic state to the other by 
means of a rapid internal flux change. This flux change may 
be used to induce a quite substantial voltage in a nearby 
Sensing coil. A particular feature worth noting is that the 
Wiegand Wire does not require an electrical input for its 
operation. [Ref. 14] 

The Wiegand Pulse Generator operates upon the 
Wiegand Effect and the principles of variable reluctance and 
moeeaaday induction. The position of a soft-magnetic rotating 
vane influences the magnetic field of a permanent magnet 
through the principle of variable reluctance. The magnetic 
field is converted to a rapid flux change by the Wiegand 
Wire. This flux change is then used to induce a voltage in 
a sensing coil through the process of Faraday induction. 


The transduction path of this device consists of 


four individual steps. These are, in order, a transduction, 
a modification, a transduction, and an electrical modifier. 
In this case, the last step is not specified beyond the 
general term, Signal processing. The output of the sensing 


coil has been observed to range anywhere between one-half 
and ten volts [Ref. 14]. Therefore, the signal processing 
may Consist of amplification, analog to digital conversion, 


Saesome other Suitable electrical modifier. 
5. Five Step 


A representative example of a transducer with a five 
Step transduction path is the Fiber Optic Magnetic Field 


Sensor. It converts the input measSurand, magnetic field, 
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Into an electrical output signal. The five step 
transduction path of this device is illustrated in Figure 
eel, 

The operation of the Fiber Optic Magnetic Field 
Sensor is based on the elasto-optic effect, the phase 
interferometer, and the principles of magnetostriction and 
photoconductance. The main principle by which this sensor 
operates is magnetostriction. An optical fiber is jacketed 
by a magnetostrictive material which produces a longitudinal 
strain when exposed to a magnetic field. Maas est rarn 
induces a refractive index change in the optical fiber due 
to the elasto-optic effect. The refractive index change 
affects the manner in which light 1S propagated through the 
fiber and may be detected through the use of a= phase 
interferometer. The phase interferometer has an optical 
power output which is allowed to fall upon a photoconductive 
device. This photoconductive device converts the incident 
optical power bOoua “Ghange in electrical resistance. 
Peef. 15] 

Hit cwaranodict= On wa pabtieGONnSiSts Of ~five individual 
fiatisduction and modification principles, the last of which 
must be an electrical modifier. In this case, the last step 
is not specified beyond the general term, signal processing. 
ime Signal processing may consist of a Bridge Circuit or 
Some other suitable electrical modifier capable of 


converting a change in resistance to voltage. 


6. Six Step 


A representative example of a transducer with a six 
Step transduction path is the Laser Diode Current Sensor. 
It converts the input measurand, current, into an electrical 
output signal. An important advantage of this sensor is 
that the current sensing is accomplished in a non-contacting 
manner. The six step transduction path of this device is 


misbiustrated in Figure 5.12. 
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A laser diode configured with an external reflector 
will undergo large changes in output intensity as_ the 
external reflector is moved a very small distance. This 
movement of the external reflector changes the phase of the 
light which is reflected back into the laser cavity. When 
the phase of the reflected light is such that in-phase 
feedback occurs, the output intensity of the laser diode is 
increased. When the phase of the reflected light is such 
that out-of-phase feedback occurs, the output intensity of 
the laser diode is decreased. Since the wavelength of light 
is very short, avery small displacement of the external 
reflector may be detected in this manner. [Ref. 15] 


The Laser Diode Current Sensor operates upon the 


principles OF magnetostriction, Faraday inductions 
photoconductance, elastic deformation, and the laser 
external mirror. Current passing through a conductor 


induces a magnetic field about that conductor’ through 
Paraday ‘imduction, A coil of the conductor 1S wrapped 
around a length of magnetostrictive tubing upon the end of 
which 1S mounted a laser external mirror. The magnetic 
field caused by the current in the conductor induces a 
Strain in the magnetostrictive material. The strain Tnieme 
magnetostrictive material causes the laser external mirror 
mounted thereupon to change its relative position. As the 
position changes, the laser output intensity likewise 
changes due to the feedback of the laser external mirror. 
This optical output power iS converted to resistance through 
the action of a photocoendtierive dev ieee. 

The transduction path of this device is rather long 
and complicated. However, aS in all cases, the final step 
must be an electrical modifier. In this case, the last step 
is not specified beyond the general term, signal processing. 
The signal processing may consist of a Bridge Cireuitgee 
some other suitable electrical modifier capable Ou 


converting a change in resistance to voltage. 
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Te. seven Step 


A representative example of a transducer with a 


seven step transduction path is the Fiber Optaire 
Spectrophone. It converts the input measurand, chemical 
composition, into an electrical output signal. The seven 


step transduction path of this device is illustrated in 
Breure 5.13. 

The Fiber Optic Spectrophone operates in much the 
Same manner as an optical fiber acoustic sensor utilizing 
interferometric techniques. An optical absorption cell 
contains the trace chemical compound to be detected. The 
cell is irradiated by a laser beam of an appropriate 
wavelength. This raises the temperature of the trace gas 
through the process of photoabsorption. As the gas heats, 
the pressure within the cell increases due to thermal 
expansion. This pressure increaSe causes the cell to 
expand, inducing a strain upon an optical fiber wrapped 
around the cell. The elasto-optic effect converts this 
Strain to a refractive index change which is in turn 
detected by a phase interferometer. The phase 


interferometer has an optical power output which is allowed 


to fall upon a photoconductive device. The photoconductive 
device then converts’ the PAGS ten Opie lea | power to 
electrical resistance. [Ref. 15] 


This transduction path represents avery complex 
device which utilizes a long Sequence of transduction and 
modification principles. However, it is different only in 
degree from a Simple one step device. The same methodology 
applies to all sensors and transduction paths, regardless of 
length. They all begin with an input measurand and 


Semuminate with an electrical modification step. 
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E. A SAMPLE INVESTIGATION 


In the previous section, the transduction path method 
was shown to be useful aS a sensor description and analysis 
technique. Existing sensors of various transduction path 
lengths were presented and analyzed through use of the 
transduction path method. However, the method is’ also 
useful as ameans of investigating sensor configurations. 
For any given class of sensor, the method is capable of 
Systematically generating all possible sensor configurations 
ied lizing the known transduction and modification 
principles. The actual techniques employed are similar to 
those presented in previous sections and are not presented 
here. Appendix P may be consulted for further details. 

The sensor configurations thus generated may be broken 
down into two groups. EG Sti eSEyeroup. consists of those 
transduction paths which have actually been implemented as 
actual sensor deSigns. The second group consists of those 
transduction paths which have not been implemented as actual 
Sensor designs. The latter group would require closer 
examination to determine whether or not they might be 
feasible as potential sensor configurations. 

In this’ section, an investigation is made of all 
possible three step pressure sensor configurations. The 
techniques described in Appendix P are utilized to generate 
all possible transduction paths of the requisite length 
which lead from the input measurand, pressure, to an 
electrical output signal. The first and second step may 
Seimsist of either transduction or modification principles, 
while the last step is an electrical modifier. 

An examination of the tables contained in Chapter IV 
reveals that only two principles are listed which have 
pressure as an ILI NewS measurand and also have a 


non-electrical output measurand. The two principles thus 


ie) 


identified are elastic deformation and triboluminescence. 
These principles convert the input meaSurand, presSure, into 
mechanical and optical forms of energy, respectively. These 
principles would be candidates for the first 'step scum 
transduct mene pak ae The second step would consist of either 
a tranSduction or a modification principle drawn from Taoeee 
ME and 4 ie Examination of these tables reveals that 18 


transduction or modification principles exist which Sataeae 


the necessary conditions. The third step would, of course, 
be an electrical modifier drawn from Table XII. In the 
Subsequent investigation, this step will simply be 


identified as "Signal Processing”. 

Based upon the above observations, three step pressure 
sensors may be divided into two general categories. The 
categories are based upon the energy form of the first 
intermediate measurand of the transduction path. Since the 
two candidates for the first step are elastic deformation 


and triboluminescence, the two categories are mechanical and 


optical. In the following Sections, the sensor 
configurations Waste ian each category are discussed. 
Furthermore, each configuration is examined to determine if 


it represents an actual sensor design or a potential sensor 


design. 
1. Mechanical Three Step Pressure Sensors 


A generalized transduction path diagram has’ been 
prepared for each of the two categories identified above. 
Associated with each diagram is Ya) lisetemug of those 
combinations of principles which have been found to satisfy 
that particular “transdwct irom paea In the case of three 
step pressure sensors which utilize elastic deformation as 
their first step, the diagram would appear as illustrated in 
Figure 5.14. This generalized transduction path diagram is 
representative of the 13 possible sensor configurations 
identified in Tables XVIII and XIX. 
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Figure 5.14 
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See Figure 5.14 for appropriate 
transduction path diagram. 


The configurations listed in Tables XVIII and XIX 
have been labelled as paths 1 through 13. iE rs now 
necessary to examine each of the proposed sensor 
configurations to determine whether or not it represents an 
actual sensor design. fie mek, a closer look» is taken to 
determine if it is a feasible, but untried, design. 

Transauct 10m path #1 represents a sensor 
configuration which has been implemented in actual sensor 
designs. This particular configuration is commonly referred 
to aS a Capacitance Manometer and has’ been described in 
[Ref. 16]. Briefly, the device operates by subjecting a 
sensing diaphragm to the pressure which is-7~ to be measured. 
The diaphragm iS a common element in a double-sided 
capacitor plate arrangement. When the diaphragm deflects in 
response to the applied pressure, the geometry of the 


capacitor arrangement changes and a differential capacitance 


is generated. In general, a change in capacitance may be 
obtained in two ways. In this example, the spacing of the 
metallic elements is changed. This alters the thickness of 


the dielectric while keeping the dielectric constant fixed. 
A second way to generate a capacitance change is to alter 
the dielectric constant while keeping the plate spacing 
fixed as may be seen in path #10. As a final step, the 
capacitance change is detected by electronic circuitry and a 
Suitable output signal generated. [Ref. 17] 

Rath yas a transauction path configuration which 
has been implemented in present day sensor designs as an 
LVDT Pressure Transducer. The device operates by subjecting 
a sensing diaphragm to the pressure which is to be measured. 
The diaphragm is mechanically connected to the core element 
of a linear variable differential transformer (LVDT). When 
the diaphragm deflects in response to the applied pressure, 
the core of the LVDT is’ displaced. This changes’ the 


meametion ratio of the differential transformer because the 
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reluctance of the core is being altered. Pie ws rnduct ion 
ratio is manifested as a differential voltage between the 
windings of the LVDT. It is this voltage which forms the 
useful electrical output of the transducer. [Ref. 18] 
rabies Mot ae scomplebe transduction path. AS 
such, it is not a useful three step Sensor configuration and 
may be discarded. It iS important to note, however, that 
the transduction path may be completed if more steps are 
permitted. Such a device would be an Optical Fiber 
Microbend Pressure Transducer and is described in [Ref. 15]. 
Transduction path #4 is a sensor configuration which 
has been implemented as an actual Sensor design. Conductive 
elastomers [Ref. 19] have been recently developed which 
exhibit very low hysteresis and small compression set. They 


are being uSed primarily in tactile sensors with a useful 


range from 1 to 40 psi. When a force or presSure is applied 
to the sensor pad, the compliance affords deflections which 
conform to the pressure pattern. The deflections increase 


the internal conductivity of the ‘elastomer which may be 
detected through appropriate interface circuitry. [Ref. 19] 


Path #5 represents a transduction path which has 


been implemented in present day sensor designs. The 
configuration has been described ins rete ZOU and is 
commonly referred to as a Pressure Switch. The device 


operates by exposing an elastic diaphragm to the pressure 
which is being’ sensed. When the presSure exceedS a 
predetermined threshold, the diaphragm deforms sufficiently 
to close, or open, a mechanical switch. The action of the 
mechanical switch results in either a short or an open 
circuit which is then detected by appropriate signal 
processing. 

Transduction path 6 represents a Sensor 
configuration which has been implemented as an actual sensor 


design. The configuration is a Potentiometric Pressure 
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Transducer which has been described in [Ref. 21]. The 
device is constructed in a manner similar to the Pressure 
Switch described above. An elastic diaphragm is exposed to 


the pressure to be measured. Attached to the diaphragm is a 


GGnit Act wa Ginegeeas caused to move across a precision 
potentiometer as the pressure changes. The output of Game 
potentiometer is read as a_ resistance, or a resistance 


ratio, and may be easily converted to an equivalent pressure 
reading. 

Path #7 represents a sensor configuration known as a 
Variable Reluctance Pressure Transducer. It has been 
implemented in actual sensor designs and is described in 
[Ref. 22]. The operation is virtually identical to thevs ge 
Pressure Transducer described above. The primary difference 
is in the mechanical design of the elastic diaphragm. In 
this particular configuration, the diaphragm 1s construe 
of a magnetically permeable material. It is situated 
between two symmetric transformer assemblies and completes a 
magnetic circuit with each #-comre- As pressure 1s applied, 
the diaphragm deflects toward one transformer assembly and 
away from the other. This increases the gap in the magnetic 
flux path of one core and decreases it in the other) Aswan 
gaps become unequal, the induction ratio between the two 
transformer assemblies changes. This ratio is conveniently 
measured in an AC bridge circuit which provides an output 
voltage proportional to the applied pressure. [Ref. 22] 

Path #8 represents a sensor configuration which, to 
the knowledge of the author, has not been implemented as an 
actual sensor design. Such a device, if implemented, would 
utilize the principle of elastic deformation to convert 
pressure to a relative position or displacement. An elastic 
diaphragm exposed to the pressure to be meaSured would 
undergo a displacement proportional to the applied pressure. 


When a wire is carrying an alternating current, the current 
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has a tendency to crowd toward one side of a conductor owing 
Eeethe proximity another current-carrying conductor. This 
increases the resistance and is known as the proximity 
effect Prete, 11]. ins We bh) a Suitable mechanical 
arrangement, the displacement of the diaphragm could be used 
to change the separation between two such conductors. tite 
desired, the device could even be configured as a 
differential device using three conductors. Similar to the 
Capacitance Manometer described above, the device would have 
a current carrying conductor on the elastic diaphragm. 
Conductors carrying electrical current would be located on 
either side of the diaphragm. As the diaphragm is 
displaced, the spacing between conductors would be altered 
and a differential resistance would be measured. Utilizing 
a suitable bridge circuit, the differential resistance could 
be converted into a useful electrical signal. 

Transduction path #9 is representative of a general 
class of existing piezoelectric pressure transducers. A 
related device, the Integrated Silicon Microbeam PI-FET 
Accelerometer [Ref. 13], has already been described in this 
chapter. A pressure sensing device would differ from an 


@eeelerometer only in the first step of the transduction 


path. In a pressure sensor, the silicon microbeam would be 
replaced by an elastic diaphragm. This would change the 
manner in which force is converted to strain. The rest of 


the transduction path would, however, remain the same. 
Path # 10 is a sensor configuration which has been 
implemented in actual sensor designs. The configuration is 


known as a Capacitance Manometer and is closely related to 


the device described by path #1. This particular device, 
however, relies upon a change in dielectric constant to 
cause a capacitance change. Otherwise, the device is 


wereually identical to path #1. 
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Path #11 describes the operation Of anexis tame 
sensor CONL1Ielirataom known as a Thin- Diaphragm 
Piezoresistive Pressure Sensor [Ref. 23]. The operation of 
the device is based upon the exposure of a thin, elastic 
diaphragm to the pressure which is to be measured. Diffused 
upon the diaphragm are several piezoresistors which flex 
along with the diaphragm as it flexes under pressure. The 
resulting change in resistance is easily detected through 
use of a suitable electrical bridge circuit. An advantage 
of this type of device is that it operates at fairly low 
stress levels. However, the device sensitivity 1S quite 
dependent upon diaphragm thickness. [Ref. 24] 

Path #12 is a sensor configuration which has been 
implemented in present day sensor deSigns. It has been 
described in [Ref. 25] and is commonly referred to as a 
Piezojunction Pressure Transducer. Pressure is converted to 
mechanical strain through use of an appropriate elastic 
Structure Such as “a ‘eantulever diaphragm, or beam. 
Fabricated upon the structure is aPN pieZojunction®Wwaee 


changes its electrical characteristics as i€ )undereces 


Stain. In particular, the electrical current throughiigme 
piezojunction varies asa functioneot strane This curren 
is then amplified and converted to voltage through 


appropriate signal processing. 


Transduction path #13 is the last of the mechanical 


pressure sensor configurations to be explored. This 
configuration, to the best knowledge of the author, has not 
been implemented as an actual sensor design. The 


thermoelastic effect is the production of an electriea 
potential between two points in a stressed metal which are 
maintained at a constant temperature difference [Ref. 11]. 
The actual voltage generated is a function of the stress 
intensity and the temperature difference. Such a device, if 


implemented, would utilize the principle of elastic 
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aeroriatlonm tow comvert pressure to amechanical strain in 
metal. This strain would then be converted to an electrical 
potential through use of the thermoelastic effect. Since 
maintenance of a constant temperature difference 1s 
necessary, some temperature control circuitry would be 


necessary. 
2. Optical Three Step Pressure Sensors 


A generalized transduction path diagram for optical 
three step pressure sensors is illustrated in Figure 5.15. 
This generalized transduction path diagram 1s representative 
of the six possible sensor configurations identified in 
Table XX. eVg else these Contreurate tons utilizes 
triboluminescence as the first step of the transduction 
path . 


The configurations listed in Table XX have been 


labelled as paths 14 through 19. To the knowledge of the 
author, these six configurations have not been implemented 
as actual sensor designs. It 1S now necessary to examine 


each of the proposed SenSor configurations to determine if 
any may represent a feasible sensor deSign. 

Triboluminescence is an effect which causes a 
material to emit a glow when scratched, struck, or broken. 
Only a few materials such as sugar, mica, uranium salts, and 
ice exhibit this effect. [Ref. 11] 

The six transduction paths identified in Table XX 
all utilize triboluminescence as their first step and some 
photoelectric effect as their second step. In order to 
implement any of the Six se Omnrleurat Tons , a suitable 
mechanical arrangement would be neceSsary to inflict the 


necessary damage to the triboluminescent material as a 


mimection of pressure. Since damage to the material is 
necessary in order to cause the effect, such a sensor would 
probably have to be expendable after one uSe. It would 
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likely find application in the detection oct (devon aaa 
pressure waves and other impulse-like phenomena. 

The second step varies among the six configurations 
being considered. Path #14 proposes using an avalanche 
photodiode (APD) as a means of detecting the light generated 
by the triboluminescent material. In a like manner, paths 
15 through 19 utilize pnoetoconductances the photoemisSsive 
effect, the photovoltaic effect, anda PIN photodiode to 
convert light to electricity. The APD appears to be the 
most promising device for the second step due to its 
inherent gain Since the light emission from the 
triboluminescent material is likely to be small. The PIN 
photodiode would probably be the second choice, followed 
thereafter by the other photoelectric effects. 


F. CONCLUSIONS 


The transduction path method has been shown to be useful 


for sensor description and analysis. It is capable aE 
describing the operation of any single or multistep 
transducer. The method is also useful for sensor 
configuration investigation. It is capable of 


systematically generating all possible sensor cContiguratuwome 
of a given class which utilize the known transduction and 
modifiteation primero lese 

An investigation was carried out of all possible three 
step pressure sensor configurations. The investigation 
resulted in the generation of 19 possible transduction 
paths. One of these paths was incomplete. Ten of the paths 
represented sensor configurations which presently exist. 
However, eight paths were found which do not correspond to 
any of the sensor types examined in the course of this 


project: 


92 


To the best knowledge of the author, these eight 
configurations have never been implemented as actual sensor 
designs. While none of the new configurations appear to be 
promising as replacements for existing transducers, they may 
prove to be feasible within a narrow range of applications. 
However, further research and appropriate paper designs 


would be necessary. 
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VI. SUMMARY AND CONCLUSIONS 


Nee es Oily Bede 


The purpose of a solid state sensor 1S to conVerimem 
input meaSurand to an electrical output signal. The inpee 


measurand is manifested as a signal belonging to one of 


seven different forms of energy. These forms include 
mechanical, thermal, electrically magnetic, opticamm 
chemical, and nuclear energy. Complete listings of physical 


quantities associated with each form of energy have been 
attached as Appendices A through G. 

When this signal is other than electrical in nature} 
must undergo the process of transduction before it can be 
processed by, -Glectronice devices. This process OF 
transduction may be described through what is now referred 
to as the "transduction path" method. The method defines a 
transduction path as a Sequence of individual transduction 
or modification principles which lead from an input 
measurand to an electrical output signal. Transductioneaea 
the process by which one form of energy is converted into 
another form of energy and modification is the process by 
which one form of energy is changed to a like form of 
energy. 

The transduction path method represents a means of 
describing the operation of a solid state sensor. However, 
it requires knowledge of transduction and modification 
principles drawn from all fields of Science. ILt is fOr eae 
reason that the known transduction and modification 
principles have been tabulated alphabetically in Appendix H 
and by energy form in Appendices I through O. 
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One way to represent these transduction and modification 
principles is in matrix form. A symmetric 7/7 X 7/7 matrix with 
rows and columns corresponding to the seven forms of energy 


is sufficient to illustrate all possible transduction and 


modification elements. The number of principles belonging 
to each family, based on input-output energy forms, have 
been annotated in Figure 6.1. The number in each block 


represents the number of known principles drawn from all 
meelds of Science which make that particular energy 
Beansduction or modification possible. 

In order to extensively test the transduction path 
method, information was collected on 108 different classes 
of sensors and transducers. This information was gathered 
meem technical journals and Specification sheets from 
approximately 160 manufacturers. The transduction path of 
each sensor was determined and examined for compatibility 
With the transduction path diagram. The sensors examined 
were found to range from simple one step to complex seven 
step transduction paths. All were found to be compatible 
with the transduction path method. 

A representative example of a transducer with a seven 
step transduction path was shown to be the Fiber Optic 
Spectrophone. It converts the input measurand, chemical 
Bompasition, into an electrical output signal. The seven 
mee transduction path of this device is illustrated in 
Figure 6.2 and is a representative example of a completed 
transduction path diagram. 


The transduction path method has been shown to be useful 


for sensor description and analysis. However, the method is 
also useful as a means of investigating sensor 
Somcigurations. For any given class of sensor, the method 


1s capable of systematically generating all possible sensor 
configurations mia a Zane the known Grane awet Lon and 


modaftication principles. 
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Figure 6.1 Distribution of Princmp tec 


An investigation was carried out of all possible three 
step pressure sensor configurations. The techniques 
described in Appendix P were utilized to generate all 
possible transduction paths of the requisite length. 

The investigation resulted in the generation of 19 
possible transduction paths. One of these was discovered to 
be incomplete and consequently not a valid path. Ten of the 


paths were found to represent sensor configurations which 
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Figure 6.2 Seven Step Transducer. 
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currently exist and references have been cited. However, 
eight paths were found which do not correspond to any of the 
Sensor types examined in the course of this project. 

To the best knowledge of the author, these eight 
configurations have never been implemented as actual sensor 
designs. It 1S quite possible that some of the new 
configurations may prove to be feasible within a narrow 
range of applications. However, further research and 


appropriate paper deSigns would be necessary. 


B. CONCLUSIONS 


The transduction path method has been shown to be useful 
as a method of sensor analysis. Given a sensor of any type, 
it should be possible to generate a suitable transduction 
path diagram which would accurately describe the operation 
of that sensor. Furthermore, the method may be’ used to 
generate transduction paths and thus makes’ possible a 
Systematic investigation of sensor configurations. 

While the example investigation carried out in Chapter V 


did not reveal any new sensor configurations which were 


particularly promising, it did manage to generate 18 
transduction patics Ten of these paths were known sensor 
configurations while the other eight were not. This does, 
however, reinforce the idea that the transduction path 


method may be used to systematically survey a given class of 
sensors Ele determine if some principle 1s being 


under-utilized. 


The investigation carried out is as good or as bad jen 
course, as the lists of principles which have been drawn up 
in Support of the method. The listings of principles 


contained within this paper are as complete as the author 
has been able to manage. Some principles may have been 


overlooked and the reader may recognize gaps that need to be 


98 


failed. New principles may be easily added at any time by 
simply making the proper entries in Chapter IV and _ the 
appendices. The study of solid state sensors is practically 
limitless in scope and it is hoped that this paper may prove 
useful as a starting point for further research in this 


area. 
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APPENDIX A 


MECHANICAL PHYSICAL QUANTITIES 


ACCELERATION* 
acceleration, eee 
acceleration, linear 


ACOUSTIC ENERGY* 
ACOUSTIC WAVE 
acoustic emission 
acouStic power 
aeroelasticity 
Aer rude 

ANGLE 


ATTRACTION MAGNETIC* 
brittlene 

CONTRACT ION , LATERAL* 
DEFLECTION 
DEFORMATION™ 
DENSITY* 
ceRen oe eu 

- 
DIAMETER. “ CONDUCTOR™ 
DIAMETER. WI RE* 
DIMENSIO 
DAL s.9) 63 ALIGNMENT* 
directio 
DIRECTION OF MOTION* 
DISPLACEMENT* 
displacement, angular 
displacement, linear 
das raiser 
elasti 
ELASTIC *5 OPERTIES* 
energy, internal 
energy, kinetic 
energy, potential 
fatigue 


FLOW* 
DEN eee 


FLOW’ TE, MASS* 
flow rate, volumetric 
FORCE* 


Fracture 

FREQUENCY, ACOUSTIC* 
FREQUENCY, MECHANICAL* 
FREQUENCY, RESONANT* 
FREOUENCY, FLEXURAL* 
FREQUENCY, TORSIONAL* 
FRICTION 

FRICTION, LIQUID* 
FRICTION, SOLID* 
HARDNESS* 

hyvadroe lasteici 
IMMERSION BAR ICLE* 
INCLINAT LON: 

LENGTH* 


level 
LEVEL, LIQUID* 
load 


mass 
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ale aL 


ndicates measurand 


associated vaen 


fs 


rinciples listed in 
hapter ive 


MICROBENDS* 
MOMENTUM, ANGULAR* 
momentum, linear 


motion 
MOVEMENT, AIR* 
MOVEMENT, POLAR FLUID* 
PATH LENGTH DIFFERENCE* 
permeability 

ee ct ore 

O©STTION~ 
POSITION, ANGULAR* 
Besa Lon linear 

feo SURE 

pressure, absolute. 
pressure, barometric 
pressure, bloo 
pressure, differential 
pressure, gage 
pressure, impact 
Bago euna: zieie leu 

Pes oURE, SOUND* — 
Peessure, Stagnation 

mescsure, Static 
RESTRAIN* 
BROXIMITY* 
PeexIMITY , CONDUCTOR™ 
ROTATION* 


SAW* | 
SEPARATED GASES* 
SHAPE* 


sound attenuation 
eemind diffraction 
sound dispersion 

sound energy flux 
sound intensity. 

sound reflectivity 
sound refractive index 
Sound scattering 
Specific gravity 


spee 

STRAIN* . 
STRAIN, LOCALIZED* 
STRESS* | 
STRESS, LONGITUDINAL* 
TENS ION* | 
TENSION, SURFACE* 
THICKNESS* 


nen ' 
ULTRASONIC* 
vacuum, 
PELOCITY~ 
VELOCITY, ANGULAR* 
NELOCITY, AIR*. 
VELOCITY, FLOW* 
velocity, linear 
PELOCITY, SAW* 
ocak t _/sound 
VIBRATION* 
viscoelasticity 
Parscoplasticity 
Viscosity 

VOLUME* 
WAVELENGTH* 
weight 

wor 


Lom 


APPENDIX B 
THERMAL PHYSICAL QUANTITIES 


CONDUCTIVITY, THERMAIR * indicates measurane 
Gat rusavaley: , “thermal associated with 
HEAT* pee e listed im 
pee capacity hapter I 

he low, 

HEAT FLUX* 


HEAT TRANSFER RATE* 
infrared radiation 

E Ly BOLLING: 

oint, dew 

OINT, PREE ZING 
point, ice ; 
Poin, Sublimnacion 
pore triple 

ecific ine ate 

T MPERATURE* 
TEMPERATURE CHANGE* 
TEMPERATURE, COOlMING- lo. 
TEMPERATURE, DIP RERENG ES 
TEMPERATURE, GRADIENT* 
TEMPERATURE, NOISE* 
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APPENDIX C 


ELEGTRIGAL PHYSICAL QUANTITIES 


admittance _ |. 
CAPACITANCE* 
CHARGE* 


CHARGE CARRIER* 
charge density 
CHARGE LOSS*. 
SONDUCTIVILITY~ 
CORONA DISCHARGE* 
CURRENT* 

current densit 
CORRENT, RESTO ING* 
CURRENT. VACUUM* 
DIELECTRIC CONSTANT* 
ELECTRIC FIELD* 
MeBCTRIC FIELD, AC* 
euleetric flux 


ELECTRONS* 
er > 
BMP, AC 
emf, analog 
EMF; DC*. 
emf; digital 
EMF, FM= 
EMF , GATE* 


frequenc 

FREQUENC DIFFERENCE* 

FRE UENCY. BLECTRIC: 
FREQUENCY , ELECTROMAGNETIC* 
FREQUENCY, RESONANT* 


TONLZATION* 


POWER* . 
RADIATION, ELECTROMAGNETIC* 
meaectance | 

RESISTANCE* 

RESISTANCE, GATE* 
RESISTIVITY* 

SPARK, _ELECTRICAL* 

Ssusce 

THERM REST STANCE 


VOLTAGE 


WAVE, ELECTROMAGNETIC* 
wavelength 


Oe 


at 


ndicates measurand 


associated with 


C 


rinciples listed in 
hapter IV. 


APPENDIX D 
MAGNETIC PHYSICAL QUANTITIES 


FLUX, CHANGE* * indicates measurand 

FLUX, DENSITY* associated with 

FREQUENCY. _E ELECTROMAGNETIC* principles listed in 
JED hapter ve 


MAGNETIC FIELD, DYNAMIC* 
MAGNETIC FIELD. PNTENST iy 
MAGNETIC FIELD. tet UGS 
MAGNETIC INDUCTIO 
MAGNETIZATION 
MAGNETIZATION DIRECTION* 
MAGNETIZATION, SUDDEN* 
magnetic flux’ 

magnetic flux density 
magnetomotive force 

PA Ghia she: 


eal 
ete ee yal 
erases “ ELECTROMAGNETIC* 
reluctan 


WAVE, ELECTROMAGNETIC 
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APPENDIX E 


CRlICARPe PHYSICAL QUANTITIES 


ABSORPTANCE* 
birefringence 

COLOR, ANY* 

COLOR. PRIMARY* 
COUPLING COEFFICIENT* 
flourescence 
FREQUENCY OPTMRCAL 
ILLUMINATION* 
ILLUMINATION DEY RERENCE~ 
IMAGE, DECEPTIVE* 
IMAGE, OPTICAL* 
INFRARED RADIATION* 
intensity 

LIGHT* 

LIGHT EMISSION* 
light, laser 
luminance 

luminous flux 
luminous intensit 
MAX ENERGY WAVELE Clas 
Max POLA ARIZED LIGHT* 
OPAQUENESS* 

OeTLCAL COUPLING* 
OPTICAL POWER* 


POLARIZING ANGLE* 


RADIANT HEAT* 
REFLECTION COEFFICIENT* 
Ree LCE CTIVITY* 
REFRACTIVE INDEX* 
Scatterin 

Meantilla 

BE ECTRAL LINE SEPARATION* 
TRANSMISSIVITY* 

mir bidit 
ULTRAVIOLET LIGHT* 
PolLBLE, LIGHT* 

waco ion, "binary 

wrsion, color 

wEsion, pray scale 
wavelength 
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a B 


a 


js 


ndicates See ee 
ssociated wit 

Eee eS msteqe an 
hapter I 


APPENDIX F 


CHEMICAL PHYSICAL QUANTITIES 


acidity 
ae a Rey 

omic welg 
BIOLOGICAL MECHANISM 
GHEMECAL EMBO ST ETON 
CHEMICAL REACTION* 
CHEMICAL REACTION RATE* 
chenmiieal substance 
CHEMICAL STATE* 
CHEMICAL CONCENTRATION* 
concentration, combustibles 
CONncenETrAtlon, “ClssolVeGeom cen 
CONCENTRATION, GAS* 
CONCENTRATION, ITONIC* 
CONCENTRATION, NO* 
CONCENTRATION, OXYGEN* 
CONGENTRATION. SAGE 
CONCENTRATION YAPOR* 
CRYSTALLI ZATION* 
DEHRUS FONT RATE 
di tfusivity . 
GAS, SAMPLE* 
HUMIDITY* 
humidity, absolute 
humidity, relative 
humidity. specyvric 
moisture 
molecular weight 
OXIDATION* 
Soup fre 
SULUBELETY , GAs= 
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* indicates meéaswrana 


associated with 
prea listedaan 
hapter IV. 


APPENDIX G 
NUCLEAR PHYSICAL QUANTITIES 


BOMBARDMENT, NUCLEAR * indicates measurand 
dose absorbed associated wit 
FREQUENCY, ELECTROMAGNETIC* Pern cS Hes ted. 1m 
meutron f ax Woah ey hapter I 

faa Lat 1OMn, eee 

radiation, beta 

radiation, cerenkov 

meditation, cosmic 


RADIATION, GAMMA RAY* 
RADIATION, ILONIZING~* 
RADIATION, NUCLEAR* 
RADIATION, X-RAY* 
radioactivity 
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APPENDIX H 
ALPHABETICAL LISTING OF PRINCIPLES 


ABSORPTION (Unless otherwise indicated, see Reference 11) 


chemical composition to optical power 
thickness Gs optical power 
ACOUSTIC INTERFERENCE. 
frequency, acoustic EO acoustic energy 
ACOUSTIC PROPAGATION (See Reference 26) 
elastic properties to Saw velocity 
ACOUSTOELECTRIC (See Reference 27) 
pressure, sound Elo. emf 
ADSORPTION 
chemical concentration to chemical concentration 
AMPERE'S LAW 
current to ho nee 
AMPLITUDE MODULATION (See Reference 15) 
absorptance to optical power 
exon Wing olvat Wea (c) oe to optical power 
coupling coefficient fe optical power 
transmissivity to optical power 
optical coupling to optical power 
APD (See Reference 28) 
optical power to current 
ARGHIMEDE S PRINCIPLE 
density to force 
ARRHENIUS EQUATION 
temperature to chemical reaction rate 
ATMOLYSIS oa 
chemical composition to Separated gases 
BARKHAUSEN EFFECT 
magnetic field to flux density 
BARNETT EFFECT 5 
POLCALION (Ee) magnetization 
BAUSCHINGER EFFECT 
prestrain to elastic properties 
BECOUEREL Jb neEGr 
i1klumination difference te emf 


BENEDICK EFFECT . 
emf to temperature difference 


BIOLUMINESCENCE (See Reference 29) 
biological mechanism te) 


light emission 


BLACKBODY RADIATION (See Reference 30) 
temperature to radiant heat 
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BREMSTRAHLUNG RADIATION 


electrons [ee X-bay radiate ron 
BREWSTER’ S LAW 

polarizing angle to max polarized light 
BRIDGE CIRCUIT (See Reference 4) 

resistance to Fesvemlne Cua cent 

resistance to em 
CAPACITIVE PI-FET (See Reference 13) 

charge to emf 
CAPILLARY COLUMN (See Reference 31) 

gas sample to Separated gases 
CATHODIC REDUCTION (See Reference 32) 

oxygen concentration to current 
CAVITATION 

angular velocity to sound 
CCD (See Reference 28) 

optical image | te emf 
PeRENKOV EFFECT 

electrons a EO light emission 

pamma ray radiation to light emission 
CFT (See Reference 33) 

pate resistance Bo, Clee ir 
CHARGE AMPLIFIER gece Reference 34) 

charge iene) emf 

charge to current 
CHARGE MOBILITY (See Reference 25) 

charge carrier EO resistance 
CHEMISORPTION (See Reference 22) 

as concentration to capacitance 

Smeconecentratlon to resistance 

vapor concentration Fp = 0) elastic properties 
CHRISTIANSEN EFFECT 

refractive index to optical power 
COLOR MIXING 

primary colors to any color 
COMBUSTION (See Reference 29) 

oxidation to light emission 

OxiGdak.on to heat 


CONDUCTIVE ELASTOMER (See Reference 19) 
poss caen to resistance 


ape Co resistance 

eee Ee resistance 
CORBINO EFFECT. 

magnetic field iO CUERBeEnE 
COULOMB'S LAW 

pLOxIMmiLty EG OpErcal, coup ling 
Seart’ S RULE 

pressure to bodsirne poe lnt 
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CRYSTALLUMINESCENCE 


enystallizaimom to light emission 
CURIE-WEISS LAW a 

temperature EC permeability 
DIFFERENTIAL TRANSFORMER (See Reference 22) 

inductance tc em 
DIFFRACTION 

Wire diameter to optical power 
DONNAN MEMBRANE EQUILIBRIUM 

chemical concentration to diffusion rate 
DOPPLER (ACOUSTIC) 

velocity to frequency, acoustic 
DOPPLER (Bebe PR re) 

velocity to frequency, electromagnetic 
DOPPLER (MAGNETIC) 

velocity EO frequency, electromagnetic 
DOPPEER@(ORTECAL) 

velocity to frequency, optical 
DOPPLER (NUGLEAR) 

velocity te frequency, electromagnetic 
DORN EFFECT (ELECTROKINETIC) 

particle immersion to emf 
ECKO (See Reference 36) 

impedance to emf 
ECOLD (See Reference 36) 

impedance to emf 
EDISON EFFECT 

temperature to vacuum current 
EBINSTEEIN- DE HASS, EFFECH 

sudden magnetization to angular momentum 
ELASTIC DEFORMATION (See Reference a7 

acceleration to deflection 

acceleration to Swann 

acceleration to stress 

acoustic wave CO strain 

displacement to POSs bike 

displacement to Strain 

force te displacement 

force to position 

force to Strnad 

pressure tS deflection 

pressure to displacement 

pressure to microbends 

pressure Co POSlTcel10n 

pressure to proximity 

pressure to Sisal i 

pressure to Eéens ron 

pressure, sound to displacement 

pressure, sound ti Pos tt vom 

pressure, sound to Strain 

Saw to S Gia 1 

shock to Strain 

Stress to tension 


Lie 


ELASTIC DEFORMATION (continued ) 


strain acoustic wave 

strain Be displacement 

Sierain to position 

strain to pressure, sound 

SELain to Saw 

strain to tension 

SELess to strain 

tension to Strada 

EOrque: to strain 

wip rat 2om to St taan 
BeAcotTiC LIMIT 

hardness feiss deformation 
ELASTO-OPTIC EFFECT (See Reference 15) 

strain to refractive index 
ELECTRIC WIND EFFECT 

corona discharge to air movement 
ELECTROACOUSTIC (See Reference 27) 

emf to pressure, sound 
ELECTROCAPILLARITY 

emf to surface tension 
ELECTROCHEMICAL (See Reference 29) 

chemical composition to charge 
EeEGITROLUMINESCENCE oe 

ac electric field to light emission 
EeGlLROLYTLC DISSOCIATION . 

chemical concentration to freezing point 
meee lRO-OPTICAL EFFECT 

emf Eo dieWecreEnne constant 

emf to refractive index 
BeeCTRO-OSMOSIS 

emf to polar fluid movement 


ELECTROPLATING (See Reference ee, 


charge chemical reaction 

emf 2 chemical reaction 
meecrTROSTRICTIVE 

emf to stress 

emf to strain 

electric field to strain 
ENERGY BANDGAP SHIFT (See Reference 38) 

temperature to absorptance 
POeryOS EFFECT 

arrection of motion to force 
ETTINGSHAUSEN EFFECT 

Current temperature difference 


EVANESCENCE (See Reference 15). 


Eoasition coOulplame coer ficient 


FARADAY INDUCTION 
lux change EO emf 
current to magnetic field 


Aral AL 


FARADAY ROTATION 


magnetic field to 
PER, OSE Gi beens 

electric field EO 
PISSLON 

nuclear bombardment Eo 

nuclear bombardment EO 

nuclear bombardment to 

nuclear bombardment to 
FLUX DENSITY (See Reference 39) 

PDOSTLLon to 
FOURIER'S LAW 

temperature to 
FTIR (See Reference 15) 

PostEeLon Be 
GALVANOMAGNETIC (HALL) 

static magnetic field to 

Static magnetic field to 

dynamic magnetic field to 


GATE CONTROLLED DIODE (See NSS DGe 
O 


lonic concentration 


polarizgarrem 
dipole alignment 


radiation, 
heat 
optical power |. 
ionizing radiation 


electromagnetic 


magnetic field 
heat lus 
coupling coefficient 


dc 
ac 
ac 


emf 
emf 
emf 


40 ) 
gate emf 


dielectric constant to gate emf 
GAUSS EFFECT | 

magnetic field jem) resistance 
GEIGER EFFECT 

nuclear radiation to light emission 
GLADSTONE & DALE'S LAW : 

temperature to refractive index 

stress to refractive index 
GRAVITY. PENDULUM (See Reference 41 — 

inclination O position 
HALLWOCK'S EFFECT 

ulEravioles Wient to charge loss 
HENRY'S LAW ao 

temperature to gas solubility 
HEREZ sBPEEGL 

ultraviolet light EG electrical spark 
HOT WIRE (See Reference 42) 

air velocity to temperature 
HYDRODYNAMIC ELEMENT (See Reference 43) 

luid flow ea, force 

HYGROSCOPIC SALT (See Reference 44 

humidity ere: resistance 
IMPEDANCE 

electrical frequency to current 
INCANDESCENCE 

eat to light emission 
INDUCTION 

current to emf 


iz 


INDUCTIVE EDDY CURRENT (See Reference 3 


BTS ate field 


em 
Saw 


ref lectaemmeocetficient 
rerlecer1omecoefficient 


current 


current 
current 


friction (solid) 
Stimrace Lens lon 
47) 

current 

current 

current 


current 
current 


Eur vent 
temperature 


Polarizarion 
optical power 


polarization 
conductivity 


illumination 


eEox1mi Gy to 
INTERDIGITAL TRANSDUCER (See ROLEU SMES a7) 

Saw ome) f 

emf to 
INTERFERENCE COATING 

thickness to 

wavelength to 
ION MOVEMENT (See Reference Sel) 

flow 
ISFET (See Reference 46) 

charge 7, to 

chemical composition to 
JOHNSEN-RAHBEK EFFECT 

emf to 
JONES EFFECT . 

salt concentration to 
JOSEPHSON JUNCTION (See Reference 

infrared radiation [© 

magnetic field to 

noise temperature to 

emf [ete 

resonant frequency Eo 
NOSsHl EFFECT 

HOnizang radiation to 
ZOULE S LAW 

ett ent to 
KERR EFFECT 

electric field aa 

electric field to 
KERR MAGNETO-OPTIC EFFECT 

flux density to 
KOHLRAUSCH'S LAW 

chemical concentration to 
EP ERT S COSINE LAW 

angle lef) 
LAMBERT'S LAW 

thickness to 

chemical concentration EO 


optical power 
optical power 


LASER EXTERNAL MIRROR (See Reference 15) 


position Co 


LED ELECTRO-OPTIC (See REsSweTeS 28) 


el Tent 
LENS SYSTEM (See Reference 30 


optical image O 
meourD CRYSTAL 

Eemperatune Co 

magnetic field to 
LORENTZ CONTRACTION 

velocity inf 


Lis 


optical power 
optical power 
optical image 


opaqueness 
opaqueness 


length 


LUMINESCENCE 


optical power . to light emission 

nuclear radiation to light emission 

electromagnetic wave to light emission 
MAGNETIC ANISOTROPY. 

magnetization direction to force 
MAGNETIC SOUND DISPERSION | 

magnetic field to acouStic frequency 
MAGNETORESISTANCE (See Reference 39) 

magnetic field to impedance 
MAGNETOSTRICTION 

Sitiea 1 hy to magnetic field 

magnetic field to strain 
MATTHEISSEN'S RULE nae 

temperature EO resist, Fey 
MECHANICAL RESONANCE (See Reference 42) | 

length to acoustic frequency 
MECHANICAL SWITCH (See Reference 20) . 

POSPTELOT to Tesisuance 
MIRAGE EFFECT 

heat to deceptive image 
MOS CAPACITOR (See Reference 35) 

capacitance to emf 
NERNST EFFECT 

temperature gradient to ac emf 
NTIR (See Reference 15) 

refractive index to optical, power 
NUMERICAL APERTURE (See Reference 15) _. A 

displacement to coupling coefivertenr 
OHM'S LAW 

emf. to current 

resistance to CUETERE 


OPTICAL. INTERFERENCE . 
path length difference tee optical power 


OPTICAL ROTATION 


chemical concentration Eo polarization 

chemical composition tee po bari Zatiom 
OSCILLATOR 

resonant frequency to emf 

current Go frequency, electric 

impedance tere frequency, elect rige 
OSMOSIS. a 

chemical composition to pressure 

PARAMAGNETISM 

oxygen concentration Eo magnetic attraccvenm 
PEE PEE Ree we 

current to temperature cooling 
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PHASE INTERFEROMETER (See Reference 15) 
phase difference ce) optical power 


refractive index © optical power 
PHASE SHIFT OSCILLATOR (See Reference 48) 

resistance to emf (fm) 
PHOTOABSORPTION (See Reference 15) 

chemical composition to temperature 

optical power to temperature 

radiant heat iE) temperature 
PHOTOCONDUCTIVE ' 

MoMieZzI ne radia t Oni to resistance 

optical power ine resistance 
PROLOELASTIC EFFECT 

stress to polarizaeion 

strain to reflectivity 
PROTOEMISSIVE <0 

ionizing radiation to electrons | 

optical power to charge carrier 


PHOTOCHEMICAL (PHOTOGRAPHIC) (See Reference 29) | 
optical image to chemical reaction 


PHOTOLUMINESCENCE aes 
visible light to light emission 
PHOTOMAGNETIC EFFECT 
optical power to paramagnetism 
EeOTOSYNTHESIS 
light EG chemical reaction 
PHOTOVOLTAIC : 
Pome Zine tadiation to emf 
optical power to emf ; 
optical power me eleetrie field 
PIEZOCALORIC (See Reference 26) 
stress to heat 
mee ZORLECTRIC 
stress to emf 
stress to charge 
Seralii to em 
Strain to charge 
frequency, resonant EG ac _emf 
flexural frequency BS) emf 
torsional frequency EG emf 
fe 2O-OPTECAL EFFECT 
stress le dielectric constant 
stress Be refractive index 
PIEZORESISTANCE (See Reference 2) . 
Sitaed 11) to resistance 
PIN (See Reference 28) 
charge carrier =19) current 
PIN PHOTOCURRENT (See Reference 49) 
lonizing radiation to current 
optical power [Ei current 


VIS 


PINCH MEE Gr 


eurrent to conductor diameter 
PLL (See Reference 50) 

requency difference to emf 
PN PIEZOJUNCTION (See Reference 25) 

S Gica tr) to current 
POISSON'S RATIO 

longitudinal stress to lateral contraction 
POLYMER PAPA (See Reference 33) . 

humidity to gate resistance 
POTENTIOMETRIC (See Reference 21) 

dimension to resistance 

POSLELON to resistance 
POWER LAW (See Reference 51) 

power to CuL Gem: 

current to power 

eee to power 

resistance to power 
PROMI ee Ol ee 

GONGUCEGY PromwiImEry Eo resistance 
PTAT (See Reference 52) 

temperature to emf 
PYROEBLECERIG 

temperature change to emf 
QUANTUM INTERFEROMETER (See Reference 47) 

current ine emf 
QUARTZ RESONATOR (See Reference 34) 

strain to resonant frequency 
RADIATION DARKENING (See Reference 15) 

LOMNIZiIng Faditatrion to absorptance 
RADIATION PRESSURE 

light to force 
RADIATIVE LOSSES (See Reference 53) 

microbends to absorptance 
RESISTANCE-PRESSURE EFFECT 

pressure to resistance 
RESONANCE (See Reference 54) 

liquid level ee. flexural frequency 

density Eo torsional frequency 

acoustic wave to frequency, acoustic 
RIGHI-LEDUC EFFECT 

heat transfer rate to temperature difference 
ROTOR (See Reference 55) hood 

velocity, angular to POS TeETon 
SAGNAC PHASE SHIFT (See Reference 15) 

FOEAE Lon EG phase difference 
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SCHLIEREN GRATING (See Kee Bert nee eo) 


displacement transmissivity 
SENSING COIL (See Reference ey 

inductance emf 

fle ehane e Ee emf 
SIGNAL PROCESSING , 

electrical measurand to electrical measurand 
SNELL'S LAW | 

reflectivity to optical power 
SONOLUMINESCENCE 

acoustic energy to light emission 

iieerasonic to light emission 
SPARK GAP (PASCHEN'S LAW) 

em ine heat 

emf (ele ionization 
SlakRK EFFECT 

electric field te Spectral line separation 
STEFAN-BOLTZMANN LAW 

temperature to radiant heat 
TCD (See Reference 31) 

thermal conductivity ina emf 
THERMAL CONDUCTIVITY (See Reference 31) 

air velocity tee temperature 

mass flow rate EG, temperature 

flow velocity LG temperature 

heat transfer rate to temperature 

Separated gases to temperature 

chemical composition to temperature 
THERMAL EXPANSION 

temperature to volume 

Cemperature to pressure 
THERMOCONDUCTANCE _" 

temperature to COnauietivi ty 
iaeERMOELASTIC EFFECT 

stress to emf 
TMAERMOELEGCTRIG (SEEBECK ) 

temperature to emf 

temperature to CUR EeCHE 
THERMOMAGNETIC 


magnetic field intensity to 
fae RMO-OPTIC 


thermoresi stance 


mem] © wie dl pice x 


resistance 


emf 


temperature to 
THERMORESISTANCE (See Reference 12) 

temperature to 
THERMOVOLTAIC JUNCTION 

temperature Lee) 
PeepOELECTRICITY 

chemical composition to 


7 


emf 


TRIBOLUMINESCENCE 


ieee 1 OF) to light emission 

pressure ES) light emission 
UNIJUNCTION OSCILLATORM See Ree ues 2) 

CGUETenNE frequency, electric 
VARIABLE BIREFRINGENCE (See Reference 57) 

strain to polarizaerem 
VARTABEE CONDUGTIVil. scsec RELeTENGE 3 ¢)) 

liquid level to resistance 
VARIABLE DENSITY (See Reference 59 ’ 

chemical concentration Ee) refractive index 
VARTABER -DIBEEGIRIEC 

liquid level to capacitance 

deflection to capacitance 

chemical state to gate resistance 

temperature to Capacreance 
VARIABLE OPACITY (See Reference 60) | 

poste rTen to optical power 
VARIABLE PERMEABILITY (See Reference 61) 

magnetic field ere: resonant frequency 
VARIABLE REFLECTIVITY (See Reference 59) 

refractive index ee) optical power 
VARIABLE REFRACTIVE INDEX (See Reference 59) 

liquid level EG) reflectivity 
VARIABLE RELUCTANCE (See Reference 14) 

Po sane tena to magnetic field 

displacement ae, inductance 

velocity Ee inductance 

POSitt1onm to inductance 

position, angular to inductance 


VESSES 1 Os (See Reference 62) 
mf to resistance 


VIBRATING WIRE (See Reference 228) 


tension frequency, mechanical 
Ee Jace a eI aon 
stress to magnetic induction 
VORTEX SHEDDING (See Reference 64) 
dire Ve lee iioy to density 
WER Dee UM Ee ee 
torque to emf 
WIEGAND EFFECT (See Reference a) 
magnetic field flux change 
WIEN EFFECT _ 
emf to Conder iin 
WIEN'S DISPLACEMENT LAW 
temperature to max energy wavelength 


WINSLOW EFFECT i ee. 
emf to friction (iiqume®) 


is 


WORKMAN-REYNOLDS EFFECT 


freezing point Eo emf 
mene R EFFECT 

voltage to eurrent 
ZIRCONIUM OXIDE CELL (See Reference 65) 

oxygen concentration to emf 


*Unless otherwise indicated, see Reference ll 
for all entries. 


BNE) 


or OND ae 


NUCLEAR OUTPUT PRINCIPLES 


------------------------> NUCLEAR 


NUCLEAR 
FISSION 


nuclear bombardnene 
nuclear bombardment 
nuclear bombardment 
nuclear bombardment 


electromagnetic 
ion 


T 
Gataits 


Ton. 


al powe 


radia 
heat 
optic 


EG 
to 
EG 
EG 


lonizing ra 





* 
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4 
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id 
® 
id 
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as ate ate ats ate ate a's ate ats ate at 


ee eS Sle SS eee OTe 


CHEMICAL 


OPTICAL 


So Sa ae a = ee ee ee te (Ga 


Sa SS = ie Se | 


MAGNETIC 


4S FR FR IV FR GR FD FD OR 


THERMAL 


ee er eS INC Se 


Fe €% 4% JX FB 4B £% FB 4% 4% FH FB 


ey ah 


ate ate ats -*, ate ate ats ats a's ate ate at, ate ale at ate 
ee 


ee 


ae 4% 8% FCB €% FB FCB FB FH FB FB FB FB FH FB FR FB 


ale ats ats alc als ale ale ats alc atc ats aloatoatoate ale als atc ate ale 
ee 


ae 


S255 52-2252 25225222) 27 seine 


MECHANICAL 


DOPPLER (NUCLEAR) 


electromagnetic 


frequency, 


Lo 


velocity 


Fe Fe F% 


ELECTRICAL 


ee ESS (Cae 


to 


BREMSTRAHLUNG RADIATION 
electrons 


x-ray radiation 


120 


APPENDIX J 


— 


CHEMPesi OUTPUT PRINGIPEES 


~------------------------> CHEMICAL 


NUCLEAR 


eS ee Sa = = == > CHEMICAL 


ADSORPTION 


CHEMICAL 


chemical concentration 


Eo 


ehemical concentration 


GL£ELUSi1OnN rate 


Co 


Rabwr 


QUILIB 


Cnemucal concentration 


DONNAN MEMBRANE E 


ee eee eee SSS 6 CHEMICAL 


OPTICAL 


(PHOTOGRAPHIC) 


optical image 


EMOTOSYNTHESIS 


Chen ite ater e acer lon 


Co 


PHOTOCHEMICAL 


chemical reaction 


Co 


light 


et ee eee eee ee Se eS 6 CHEMICAL 


MAGNETIC 


ee = = =e > 6 CHEMICAL 


THERMAL 


Ghenmecadlmnseact Lom rate 


ED 


ARRHENIUS EQUATION 


Bemperd Euie 


HENRY'S LAW 


gas solubility 


EO 


memperature 


fad 


ee en a OEM CA IL 


MECHANICAL 


ELECTRICAL 


w= == == -- we ee === --=-> CHEMICAL 


chemical reaction 
chemical reaction 


to 
to 


Be 


emf 


ELECTROPLATING 
char 


ia 


APPENDIX K 
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APPENDIX P 
TRANSDUCER INVESTIGATION METHODS 


In Chapter We the transductionem@paen method was 
introduced as a means of describing the operation of 
existing Sensors and transducers. Sensors of various path 
lengths were considered and a transduction path diagram was 
prepared for each. In this appendix, the methods will be 
demonstrated by which both existing and potential solid 
state sensor configurations may be examined. 

The operation of a solid state sensor is based on a 
Sequence of transduction and modification steps which may be 
described through use of the transduction path method. The 
transduction path starts with an input measurand and may 
consist of one or more transduction or modification steps. 
The number of steps in the transduction path is a function 
of the input and output measSurands associated with each 
step. Consecutive steps are required to dovetail properly, 
that is, the output of the previous step must be the same as 
the input of the current step. 

Given an input measurand, the sensor investigator needs 
to be able to generate all of the potential transduction 
paths which will give him an electrical output signal. The 
potential paths must be continuous and lead from the input 
measurand to an electrical output Signal to be acceptable. 
Used properly, the transduction path method is capable of 
generating such transduction paths in a systematic manner. 
Furthermore, it is capable of generating transduction paths 
consisting of any desired number of Steps, provided such 
paths are theoretically possible. 

To aid in the procedure by which transduction paths may 


be generated, a transduction path tree structure is 
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proposed. Temecont ains the same iMtetmation as a 
transduction path diagram, but is in a more convenient form 
for the path generation process. The tree illustrates all 
of the possible paths through the transduction path diagram 
which lead from a given input measurand to an electrical 
output signal. 

The number of levels in the tree is determined by the 
number of steps in the desired transduction path. For each 
additional step in the transduction path, the number of 
branches in the highest level increases by a factor of 
Seven. For example, a one step tree would have 1 branch, a 
two step tree would have 7 branches, anda three step tree 
would have 49 branches in the highest level. Homeet: & her 
illustrate this point, one, two, and three step trees are 
presented below. Also presented is a tree which covers the 
Semeral case of a transduction path consisting of an 
arbitrary number of steps. 

Hiemsmottest posSSiple transduction path consists of only 
one step. By definition, the one step is required to be an 
electrical modifier. Furthermore, the tree necessary to 


generate a one step transduction path consists of only a 


single branch as illustrated in Figure P.1. The input 
measurand is an electrical quantity, as is the output 
measurand. The number embedded in the arrow indicates the 


number of known principles which permit the indicated 
meansdauction or modification to occur. 

To utilize the tree, one would examine the 28 electrical 
modification elements listed in Table XII to determine which 
have the proper input measurand. Once this has’ been 
accomplished, the designer would have a listing of possible 
one step transduction paths which lead from the desired 
input measurand to an electrical output signal. 

A two Step transduction path may, “ConSiset of a 


transduction step followed by an electrical modifier, or it 


145 


EDEG@ -—-2022 sae 





Fipure eo One Step Design Tree. 


may consist of a modification step followed by an electrical 
modifier. In either case, the last step is an electrical 
modifier. It is this fact which leads to the obseryaeuae 
that the two step design tree is simply the one step tree 
with one additional level, or set of branches. As such, the 
two step tree would have 7 branches in its highest level and 
appear as illustrated in Figure P.2. 

The input meaSurand may be any one of the seven forms of 
energy while the output measurand would be an electrical 
Signal. The output of the first step represents an 
intermediate meaSurand which is used as’ the input’ to the 
second step. in this-case. the intermediate medsuranaga 
eleerriecai i nenabtie: 


To utilize the tree, one would first identify the energy 


Omni (Ok the input measurand. Once thas has_ been 
accomplished, Tables XI and XII would be examineduueee 
determine which of the Cransdulction. om modification 


principles listed therein have the proper input measurand. 
The principles so identified would be candidates for the 
first step of the transductron sparen Their output 
measurands would become intermediate measurands pending the 
second step of the transduction path. Next, the 28 
electrical modification principles in Table XII would be 
examined to determine which of these have input measurands 
compatible with the intermediate measurand noted above. 
These principles would be candidates for the second step of 


the transduction. ‘paths The candidates for the two steps 
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would then be combined into complete transduction paths, 
with care taken to ensure the input and output measurands of 
consecutive steps mesh properly. The combinations of steps 
thus generated would represent a listing of all possible two 
step transduction paths which lead from the desired input 


measurand to an electrical output signal. 


ING Saveac > jab a6 





Figure P.2 Two Step Design Tree. 


Pree step | transduction path May “exist in ) four 
different configurations. The first and second steps may be 
elther transduction or modification elements. This leads to 
mges Conclusion that only four combinations are possible, 
Since the last step haS to be an electrical modifier. Z 

In a manner Similar to that of the one and two Step 
transduction path trees described above, the three step tree 
is likewise an extenSion of the two step design tree. 
Another level with seven times the original number of 
branches is added to the two step tree. This results ina 
three step tree which has 49 branches in its highest level 
and would appear as illustrated in Figure P.3. 

Once again, the input measurand may be any one of the 
Seven forms of energy. However, in the three step tree, 
there are two intermediate measurands instead of only one. 
The outputs of the first and second steps serve as inputs to 


the subsequent Steps and therefore are intermediate 
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--Q1--> NUCL 
--Q0--> NUCL 
--Q0O--> NUCL 
--Q0--> NUCL NUCL 
--QQ--> NUCL 

=-0 ==>" NUGE 
--Ql--> NUCL 
--Q0--> CHEM 
--02--> CHEM 
--0Q2--> CHEM 
--Q0--> CHEM CHEM 
--02--> CHEM 
--Q0--> CHEM 
--Ql--> CHEM 
--05--> OPT 
--Q7--> OPTI 
--l]l1l--> OPT 
--04--> OPTI OPTI 
--09--> OPTI 
--24--> OPTI 
--0O7--> OPTI 
--Q]l--> MAGN 
--Q0--> MAGN 
--Ol--> MAGN 
--Q2--> MAGN MAGN 
--Ql--> MAGN 
--06--> MAGN 
--Ql--> MAGN 
--Ql--> THER 
--Q4--> THER 
--Ql--> THER 
--Ql--> THER THER 
--Q3--> THER 
--Q4--> THER 
--05--> THER 
--Q0O--> MECH 
--06--> MECH 
--Ql--> MECH 
--Q4--> MECH MECH 
--Ql--> MECH 
--]19--> MECH 
--]1l--> MECH 
--06--> ELEC 
--l1l--> ELEC 
--10--> ELEC 
--08--> ELEC ELEC 
--13--> ELEC 
--20--> ELEC 
--28--> ELEC 

Figure P.3 
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measurands. The first intermediate measSurand may be any one 
of the seven forms of energy. However, the second 
intermediate measurand must be electrical in nature. Ties 
is due to the fact that the last step is required to be an 
electrical modifier. 

To utilize the tree, one would first identify the energy 
form Of the input measurand. Once this has been 
accomplished, Tables IX through XVII would be examined to 
determine which of the GEansauct }On mot Modi fi Catan 
principles listed therein have the proper input measurand. 
The principles so identified would be candidates for the 
first step Ge thes transduction path. Their output 
measurands would become intermediate measurands, pending the 
second step of the transduction path. 

Aewtivis DoLMte , Tables XI and XII would be examined to 
determine which of the Exeepouevalsenoalie)9 = -Cejve modification 
principles listed therein have an input meaSurand which 
corresponds to the first intermediate measurand identified 
above. The principles so identifted would be candidates for 
the second step of the transduction path. Their output 
measurands would become intermediate measurands, pending the 
memerd step of the transduction path. 

iia oie co electrical modification principles in 
Table XII would be examined to determine which of these have 
input measurands compatible with the second intermediate 
measurand noted above. These principles would be candidates 
feo the third step of the transduction path. 

The candidates for the three steps would then be 
combined into complete transduction paths, with care taken 
to ensure the input and output measSurands of consecutive 
steps mesh properly. The sequences of steps resulting from 
this combination process would represent all possible three 
step transduction paths which lead from the desired input 


measurand to an electrical output signal. 
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iirc nape ie examples of existing transducers were 
presented which had transduction paths up to seven steps in 
length. However, thus far in this appendix, design trees 
capable of handling transduction paths of only three steps 
or less have been presented. What is necesSary iS a general 
case design tree capable of handling any length of 
Eransduet tone path. 

The key to the development of such a tree is recognition 
of the fact that the branches of the tree repeat in all but 
the lowest two levels. Examination of the three step design 
tree illustrated in Figure P.3 reveals that the third, oF 
highest level, consists of entries from Tables IX through 
CV Le Table XVII, with all nuclear output measurands, 
appears at the top left of the three step tree while Tables 
XI and XII, with all electrical output measSurands, appear at 
the bottom left. 

Extrapolating to the case of a four step tree, ste 
becomes apparent that the fourth level would simply be the 
third level repeated seven times. An entire block of tables 
with Table XVII at the top and Tables XI and KII at the 
bottom iS appended to the left of each table in each level 
until the desired number of levels is achieved. The 
completed structure would appear as illustrated in Figure 
P.4. 

As stated earlier, the Second level will always consist 
of principles which have an electrical output measurand. It 
is for this reason that the second level may be represented 
by Tables XI and XII. Likewise, the first level, or last 
Step in a transduction path, will always be an electrical 
modifier. It is for this reason that the last stepiiies 
represented by the words "Signal Processing”. 

To utilize the general case design tree, the same 
procedure is followed as was utilized in the three step 


design tree. The only factor that will vary, is the nunbes 


150 


--TABLE XVII----- 
--TABLE XVI----- 
EAB EE SUK LY , XV 


--TABLE XIII----|-TABLE XVII----- 


--TABLE X------- 
--TABLE IX------ 
--TABLES XI,XII-- 


Serabibbo LV, 


OVE 
Eee XTII----|-TABLE XVI----- 


v- 
--TABLE XIII----|-TABLES XIV,XV- 
Gee 


Ee Tx 
mole ees AL,ALI-- 


TR NBIS vate 
~ ee ele = ae 
PAB UnS KTV .XV- 


ae fecci Sabet i) ABRs Xi, xlil-=> 


ao TARDE. XV I----- 


BBE ety I 
SABLE XLV ,XV- 
LE XI 


--TABLE IX------ 
--TABLES XI,XII-- 


meee XVIt=-=--- 
mee Doe XV il--=-- 
a LABLES XLV, 


a = 
--TABLE XIII----|-TABLES l= = 


BLE IX 
SP abilgito AL,xLL=- 


Figure P.4 


General Case DeSign Tree. 
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of intermediate measurands. For example, a four step 
transduction path would have three intermediate measurands, 


while a ten Step transduction path would have nine 


intermediate measurands. 
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APPENDIX Q 
SECONDARY MEASURANDS 


In order to fully evaluate the relative advantages and 
disadvantages of various proposed transduction paths, it is 
necessary to consider secondary measurands. Secondary 
measurands may be defined as those physical quantities which 
are transduced or modified simultaneously with the desired 
input measurand. For example, the piezoelectric effect is 
often utilized in transducers to meaSure a mechanical 
Sera. Unfortunately, the piezoelectric effect is also 
susceptible to thermal and electrical influences which will 
affect the manner in which strain is measured. 

hws - far, the main ERansductr1on | path has been 
illustrated by a series of Aster rs oem ) on the 
transduction path diagram which connect consecutive numbers. 
“However, in order to show the effect of secondary measurands 
on the transduction path diagram, a new convention needs to 
be set. Henceforth, paths followed by secondary measurands 
through the transduction path diagram will be indicated by a 
series of dots (....). In order to illustrate the necessary 
techniques, an example of a sensor which is susceptible to 
Secondary measurands is presented below. 

An example of a sensor which may be influenced by 
secondary measurands is the piezoelectric presSSure sensor. 
The transduction path consists of a modification followed by 
a transduction and a modification. The first step 1s 
elastic deformation, which converts pressure to a mechanical 
Sie ain. The second step is the piezoelectric effect which 
converts a mechanical strain to an electrical charge. The 
last step is an electrical modifier which is chosen to 
convert electrical charge to a suitable electrical output 


Signal. 


13s 


The principle of elastic deformation is suSceptip leurs 
temperature as a secondary measurand. As the temperature of 
an elastic device is raised or lowered, the elastic 
properties change. This decalibrates the device and causes 


a larger or smaller strain to be generated than would 


otherwise be expected. Therefore, temperature iS an 
undesirable, or secondary, measurand which changes’ the 
desired output measurand. This may be illustrated on the 


transduction path diagram by a series of dots which lie 
parallel to the main transduction step. In this case, “ime 
new line would begin in the thermal input measurand block on 
the left side of the diagram and terminate in the mechanical 
output column as seen in Figure Q.1l. 

The piezoelectric effect is susceptible to both thermal 
and electrical influences as secondary measurands. As the 
temperature of a piezoelectric film is raised or lowered, 
the electrical properties change. Since the piezoelectric 
effect is reversible, the application of an electric tajewd 
will -tend to increase or decrease the strain actually 
developed as a result of pressure. Furthermore, how well a 
piezoelectric film is isolated from its Surroundings will 
affect the manner in which charge is lost through bleeda@aus. 
paths. This will degrade the DC response of a piezoelectric 
film and cause decalibration over a period of time as charge 
iS “ose. These undesirable effects are illustrated in 
PrPeure © le 

In summary, the mechanical strain generated by the first 
step of the transduction path is affected by changes in 
operating temperature. The amount of charge generated by 
the second step is affected by changes in temperature, 
ellectric fields, and the presence of electrical bleed-off 
Patinc. With adequate knowledge of the principles involved 
it should be possible to determine if compensation fon 


secondary effects iS required. 
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